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PREFACE 


This text, which is derived almost entirely from my Textbook of Medical 
Physiology, 5th Edition, is intended for those persons—medical students, paramed¬ 
ical students, students of psychology, students of basic physiology, and others— 
who wish to study the general organization and function of the nervous system 
without the detail often associated with a research-oriented text. Also, 
neuroanatomy is presented only to the extent that it is important to understanding 
how the nervous system performs its many tasks; this means mainly emphasis on 
nerve tracts and on function of the nerve signals when they reach their destination. 

I have tried above all to present the beauty and logic intrinsic in the design of 
the nervous system—the automaticity of such feats as walking, sleeping, waking, 
and even search for food; the inbred pace-setting effects of emotions; and the 
almost magic processes for channeling, storing, and deciphering information. The 
nervous system is an overall controller of our bodily function. It is a computer with 
capabilities that have never yet been duplicated by the most massive electronic 
computer. And it is that quality of our being that makes life meaningful, thoughtful, 
exciting. 

At many points in the text, one will find discussion of neurological illnesses as 
examples of abnormal function of the nervous system. These are presented not with 
the view that this book is dedicated only to medical students but, instead, because 
of the enlightening experience that a student can achieve when he correlates basic 
conceptual knowledge with happenings in the world about him. Indeed, in many 
instances, understanding the neurological abnormality adds immeasurably to one’s 
understanding of basic neurophysiological concepts. Therefore, even for the non- 
medically oriented student, the discussions of abnormal function in the nervous 
system are meant to give values that are difficult to establish in other ways. 

I wish to thank many others who have made this text possible, particularly 
Mrs. Billie Howard for her excellent secretarial service, Mrs. Carolyn Hull and 
Miss Tomiko Mita for preparing the figures, and the staff of the W. B. Saunders 
Company for its continued excellence in editing and preparing the text for publica¬ 
tion. 


Arthur C. Guyton 
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PART I 


NERVE AND MUSCLE 





Membrane Potentials, Action 
Potentials, Excitation, and 

Rhythmicity 


Electrical potentials exist across the mem¬ 
branes of essentially all cells of the body, and 
some cells, such as nerve and muscle cells, are 
“excitable”—that is, capable of transmitting 
electrochemical impulses along their mem¬ 
branes. And in still other types of cells, such as 
glandular cells, macrophages, and ciliated cells, 
changes in membrane potentials probably play 
significant roles in controlling many of the cell’s 
functions. However, the present discussion is 
concerned with membrane potentials generated 
both at rest and during action by nerve and 
muscle cells. 

BASIC PHYSICS OF 
MEMBRANE POTENTIALS 

Before beginning this discussion, let us first 
recall that the fluids both inside and outside the 
cells are electrolytic solutions containing ap¬ 
proximately 155 mEq./liter of anions and the 
same concentration of cations. Generally, a 
very minute excess of negative ions (anions) 
accumulates immediately inside the cell mem¬ 
brane along its inner surface, and an equal 
number of positive ions (cations) accumulates 
immediately outside the membrane. The effect 
of this is the development of a membrane po¬ 
tential. 

The two basic means by which membrane po¬ 
tentials can develop are: (1) active transport of 
ions through the membrane, thus creating an 
imbalance of negative and positive charges on 


the two sides of the membrane, and (2) diffusion 
of ions through the membrane as a result of a 
concentration difference between the two sides 
of the membrane, this also creating an imbal¬ 
ance of charges. 


MEMBRANE POTENTIALS CAUSED BY 
ACTIVE TRANSPORT—THE 
^‘ELECTROGENIC PUMP’^ 

Figure 1-1A illustrates how the process of ac¬ 
tive transport can create a membrane potential. 
In this figure equal concentrations of anions, 
which are negatively charged, are present both 
inside and outside the nerve fiber. However, in 
the membrane is a chemical system called the 
“sodium pump.” This actively transports posi¬ 
tively charged sodium ions to the exterior of the 
fiber. Thus, more negatively charged anions 
than positively charged sodium ions remain in¬ 
side the nerve fiber, causing negativity on the 
inside. On the other hand, outside the fiber 
there are more positively charged sodium ions 
than negatively charged anions, thus causing 
positivity outside the fiber. A p ump such as 
thi_$.^iiichu::au^^the develo pment of a mem¬ 
brane potential, is call ed m electro^jeiiLapuiiip. 

In most nerve and muscle cells potassium is 
pumped into the cell at the same time that 
sodium is pumped out; usually, however, two to 
five times as much sodium as potassium is 
pumped. Because of this imbalance of pumping, 
the pump is still considered electrogenic. 
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The Cell Membrane as a Capacitor. Note in Figure 
1-IA that the negative and positive ionic charges 
are shown lined up against the membrane. This oc¬ 
curs because the negative charges inside the mem¬ 
brane and the positive charges on the outside pull 
each other together at the membrane barrier, thus 
creating an abrupt change in electrical potential 
across the cell membrane. 

This alignment of electrical charges on the two 
sides of the membrane is exactly the same process 
that takes place when an electrical capacitor be¬ 
comes charged with electricity. In the cell mem¬ 
brane, the lipid matrix of the cell is the dielectric, 
much as mica is frequently used as a dielectric in an 
electrical capacitor. It will be recalled that a 
capacitor’s capacity for holding electrical charges is 
inversely proportional to the thickness of the mem¬ 
brane. Because of the extreme thinness of the cell 
membrane (70 to 100 Angstroms), the capacitance of 
the cell membrane is tremendous for its area—about 
1 microfarad per square centimeter. 

Though the figures of this chapter will show large 
numbers of negative or positive ions (or charges) 
lined up against the nerve membrane, in actuality, 
very few positive or negative ions actually need to 
line up on the two sides of the membrane to create 
the usual membrane potential of nerves. In the case 
of the usual nerve fiber, only about 1/50,000 to 
1/500,00 of the positive charges inside the nerve fiber 
need to be transferred to the outside of the fiber to 
create the normal nerve potential of —8 5 millivolts 
inside the fiber. 


MEMBRANE POTENTIALS CAUSED BY 
DIFFUSION 

Figure 1-1B illustrates the nerve fiber under 
another condition in which the permeability of 
the membrane to sodium has increased so much 
that diffusion of sodium through the membrane 
is now great in comparison with the transport of 
sodium by active transport. Since the sodium 
and anion concentrations are great outside the 
cell and slight inside, the positively charged 
sodium ions now move rapidly to the inside of 
the membrane, leaving an excess of negative 
charges outside, but creating an excess of posi¬ 
tive charges inside. 

Relationship of the Diffusion Potential to 
the Concentration Difference—The Nernst 
Equation. When a concentration difference of 
ions across a membrane causes diffusion of ions 
through the membrane, thus creating a mem¬ 
brane potential, the magnitude of the potential 
is determined by the ratio of tendency for the 
ions to diffuse in one direction versus the other 
direction, which is determined by the following 
formula (at body temperature, 38°C.): 


EMF (in millivolts) = 61 log 


Cone, inside 
Cone, outside 


A NERVE FIBER 

(Anions)” JI (Anions)’ 


Na 


leak 


pump 
+ - 
+ - 
+ - 

(-85mv.) 

"t- 




+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 



- 1 + + 

(-f-40mv.) + 



Figure 1-1. (A) Establishment of a membrane potential 

as a result of active transport of sodium ions. (B) Estab¬ 
lishment of a membrane potential of opposite polarity 
caused by rapid diffusion of sodium ions from an area of 
high concentration to an area of low concentration. 


Thus, when the concentration of ions on one 
side of a membrane is 10 times that on the 
other, the log of 10 is 1, and the potential differ¬ 
ence calculates to be 61 millivolts. This equa¬ 
tion is called the Nernst Equation. 

However, two conditions are necessary for a 
membrane potential to develop as a result of 
diffusion: (1) The membrane must be . 
semipermeable, allowing ions of one charge to 
diffuse through the pores more readily than ions 
of the opposite charge. (2) The concentration of 
the diffusible ions must be greater on one side 
of the membrane than on the other side. 

Calculation of the Membrane Potential 
when the Membrane is Permeable to Several 
Different Ions. When a membrane is perme¬ 
able to several different ions, the diffusion po¬ 
tential that will develop depends on three fac¬ 
tors: (1) the polarity of the electrical charge of 
each ion, (2) the permeability of the membrane 
(F) to each ion, and (3) the concentration of the 
respective ions on the two sides of the mem¬ 
brane. Thus, the following formula, called the 
Goldman equation, gives the calculated mem¬ 
brane potential when two univalent cations (C) 
and two univalent anions (A) are involved. 
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EMF(in millivolts) = 

... C,p, + C.P. + A3„P3 + A,„P4 

^ ® C, Pi + C 2 P 2 + Aa.Ps + A4,P4 


Note that a cation gradient from the inside (/) to 
the outside (o) of a membrane causes elec¬ 
tronegativity inside the membrane, while an 
anion gradient in exactly the opposite direction 
also causes electronegativity on the inside. 


ORIGIN OF THE CELL 
MEMBRANE POTENTIAL 

Role of Sodium and Potassium Pumps and 
of Nondiffusible Anions in the Origin of the 
Cell Membrane Potential. Before attempting 
to explain the origin of the cell membrane po¬ 
tential, several basic facts need to be under¬ 
stood as follows: 

1. The nerve membrane is endowed with a 
sodium and a potassium pump, sodium being 
pumped to the exterior and potassium to the 
interior. These pumps were discussed in Chap¬ 
ter 4. 

2. The resting nerve membrane is normally 
50 to 100 times as permeable to potassium as to 
sodium. Therefore, potassium diffuses with rel¬ 
ative ease through the resting membrane, 
whereas sodium diffuses only with difficulty. 

3. Inside the nerve fiber are large numbers of 
anions (negatively charged) that cannot diffuse 
through the nerve membrane at all or that dif¬ 
fuse very poorly. These anions include espe¬ 
cially organic phosphate ions, sulfate ions, and 
protein ions. 

Now, let us put the above facts together to 
see how the resting nerve membrane potential 
comes about. First, sodium is pumped to the 
outside of the fiber, while potassium is pumped 
to the inside. However, because two to five 
sodium ions are pumped out of the fiber for 
every potassium ion that is pumped in, more 
positive ions are continually being pumped out 
of the fiber than into it. Since most of the anions 
inside the nerve fiber are nondiffusible, the 
negative charges remain inside the nerve fiber 
so that the inside of the fiber becomes elec¬ 
tronegative, while the outside becomes elec¬ 
tropositive, as illustrated in Figure 1-2. 

Equilibration of Sodium Ion Transfer in the 
Two Directions Across the Membrane— 
Maximum Potential Caused by the Elec- 
trogenic Sodium Pump. As progressively 
more sodium ions are pumped out of the nerve 
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Figure 1-2. Establishment of a membrane potential of 
-85 millivolts in the normal resting nerve fiber, and de¬ 
velopment of concentration differences of sodium and 
potassium ions between the two sides of the membrane. 
The dashed arrows represent diffusion and the solid ar¬ 
rows represent active transport (pumps). 


fiber, they begin to diffuse back into the nerve 
fiber for two reasons: (1) a sodium concentra¬ 
tion gradient develops from the outside of the 
fiber toward the inside, and (2) a negative mem¬ 
brane potential develops inside the fiber and at¬ 
tracts the positively charged sodium ions in¬ 
ward. Eventually, there comes a point at which 
the inward diffusion equals the outward pump¬ 
ing by the sodium pump. When this occurs, the 
pump has reached its maximum capability to 
cause net transfer of sodium ions to the outside. 
This occurs when the sodium ion concentration 
inside the nerve fiber falls to about 10 mEg./liter 
(in contrast to 142 mEg./liter in the extracellular 
fluids) and when the membrane potential inside 
the fiber falls to approximately —85 millivolts. 
Therefore, this —85 millivolts is also the resting 
potential of the nerve membrane. 

Equilibration of Potassium Ion Transfer 
Across the Membrane. At the same time that 
the sodium pump pumps sodium ions to the ex- 
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terior, a coupled potassium pump pumps about 
one third as many potassium ions to the in¬ 
terior. However, the resting membrane is 50 to 
100 times as permeable to potassium ions as to 
sodium ions, which means that each time potas¬ 
sium ions are pumped in they tend to diffuse 
back out of the fiber almost immediately. 
Therefore, because the potassium pump is con¬ 
siderably weaker than the sodium pump and 
because the back leakage of potassium ions is 
very great, the potassium pump by itself can 
build up only a slight excess of potassium'ions 
inside the nerve fiber. 

Yet, it is known that potassium ions do build 
up to a high concentration inside the nerve 
fiber. How could this be, if it is not caused by 
the potassium pump? The answer is that there is 
a high degree of negativity created inside the 
fiber by the sodium pump. The —85 millivolts 
inside the fiber attracts the positive potassium 
ions from the exterior to the inside, and this 
attraction accounts for most of the buildup of 
potassium ions inside the fiber, while the potas¬ 
sium pump accounts for only a small proportion 
of the buildup. 

Thus, from a quantitative point of view, once 
the membrane has reached a steady state condi¬ 
tion, there are three factors that affect the 
equilibration of potassium ions on the two sides 
of the membrane: (1) the potassium pump 
pumping potassium ions inward, (2) the electri¬ 
cal gradient causing inward diffusion of potas¬ 
sium ions, and (3) the concentration gradient 
caused by the buildup of potassium ions inside 
the fiber causing diffusion of potassium ions 
outward. In the steady state condition, the 
above three factors all come to exact quantita¬ 
tive equilibrium; that is, the two factors causing 
inward movement of potas sium become exactly 
equal to ttie singfe factor causingoutward 
movemenL 

Applicafion of the Nernst Equation to the 
Dynamics of Potassium Transfer Equilibra¬ 
tion Across the Nerve Fiber Mem¬ 
brane. Since the resting membrane is quite 
permeable to potassium ions and since the 
pump is a very weak one, the factors that domi¬ 
nate the distribution of potassium ions across 
the membrane are the two factors that cause 
potassium ion diffusion, that is, (1) the concen¬ 
tration gradient that causes potassium ion diffu¬ 
sion out of the fiber and (2) the voltage gradient 
that causes potassium ion diffusion inward. If 
the pump were entirely inactive, the rates of 
diffusion of potassium ions in opposite direc¬ 
tions caused by these two factors would be 


exactly equal, and under these conditions the 
Nernst equation would give the exact relation¬ 
ship between the concentrations on the two 
sides of the membrane and the equilibrium 
membrane potential. Therefore, let us assume 
that the negative voltage of -85 millivolts has 
already been created by the sodium pump and 
that the extracellular fluid potassium ion con¬ 
centration is 5 mEq./liter. Substituting these 
values in the Nernst equation, we obtain the 
following: 


—85 = —61 log 


K+ Cone, (inside) 
5 


Now, solving this equation for the concentra¬ 
tion of potassium ions inside the nerve fiber, we 
find that the equilibrium level of potassium ions 
inside would be about 125 mEq./liter. Thus, of 
the 140 mEq./liter of potassium inside the nerve 
fiber, 125 of these are caused simply by diffu¬ 
sion into the nerve fiber resulting from the —85 
millivolts that had previously been created by 
the sodium pump. The remaining 15 mEq./liter 
of potassium ions results from the action of the 
potassium pump. 

We can also use the Nernst equation in still 
another way to test the degree of diffusional 
equilibration of potassium ions across the 
membrane. Given a concentration of potassium 
ions inside the fiber of 140 mEq./liter and a con¬ 
centration outside of 5 mEq./liter what mem¬ 
brane potential would be required to establish 
diffusional equilibrium at the membrane, as¬ 
suming that there were no potassium pump? 
Substituting these values in the Nernst equation 
and solving gives a membrane potential of 
— 88.3 millivolts. This is only 3.3 millivolts more 
negative than the usual resting membrane po¬ 
tential of the nerve fiber. Therefore, under most 
conditions, the distribution of potassium ions 
between the inside of the fiber and the outside 
can be considered to be very nearly that re¬ 
quired to satisfy the Nernst equation. 

The Nernst Potential for Sodium Distribu¬ 
tion. Now, let us calculate the Nernst poten¬ 
tial for sodium as follows: 


Nernst potential 
(Na+) 


loa Na+ (inside) 
^ ^ Na+ (outside) 

-61 log 


= +70 millivolts 


Thus, it is clear that the -85 millivolts of the 
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resting nerve is actually opposite to the +70 
millivolts predicted by the Nernst equation. 
The reason for this is that the sodium pump 
completely dominates the picture in the resting 
state, and the diffusional factors (which cause 
development of the Nernst potential) are of 
very little significance. We shall see, however, 
that when a nerve impulse is being conducted, 
this is not true. During conduction of an im¬ 
pulse the membrane permeability to sodium in¬ 
creases several thousand-fold, sodium diffusion 
becomes very great, and the membrane poten¬ 
tial inside the fiber then rises abruptly from —85 
millivolts to about +45 millivolts, approaching 
the Nernst potential for sodium. 

Role of Chloride and Other Ions. Chloride ions 
are not pumped through the nerve membrane in 
either direction. However, they readily diffuse 
through the membrane. Because there is no pump to 
force buildup of a concentration difference of 
chloride ions across the membrane, the distribution 
of chloride ions on the two sides of the membrane is 
determined entirely by electrical potential. That is, 
the negativity that develops inside the membrane re¬ 
pels chloride ions from inside the fiber and causes the 
chloride concentration to fall to a very low value, 
about 4 mEq./liter in comparison with an extracellu¬ 
lar fluid concentration of about 103 mEq./liter. Be¬ 
cause there is no chloride pump, the Nernst equation 
can be used to calculate the exact concentration ratio 
of chloride ions on the two sides of the membrane 
when the membrane potential is known and when the 
membrane is in an equilibrium state. Thus, chloride 
ions play only a passive role. Later in the chapter we 
will discuss instantaneous changes in membrane po¬ 
tential caused by the so-called action potential. 
Under these conditions, chloride ions move rapidly 
through the membrane and affect the duration and 
the magnitude of the action potential, but again their 
role is a passive one. 

Essentially the same principles as those for 
sodium, potassium, and chloride distribution across 
the membrane also apply to other ions. Magnesium 
ions are affected in much the same way as potassium, 
and calcium ions in much the same manner as sodium 
ions. However, the concentrations and per¬ 
meabilities of magnesium and calcium ions are small 
enough that the total number of electrical charges 
actually involved is also small. Yet both of these ions 
affect membrane potentials in another way, by alter¬ 
ing the permeability of the membrane to other ions, a 
subject that is discussed at greater length later in the 
chapter. 

Membrane Potentials Measured in Nerve 
and Muscle Fibers. Figure 1-3 illustrates a 
method that has been used for measuring the 
resting membrane potential. A micropipet is 
made from a minute capillary glass tube so that 
the tip of the pipet has a diameter of only 0.25 to 



Figure 1-3. Measurement of the membrane potential of 
the nerve fiber using a microelectrode. 

2 microns. Inside the pipet is a solution of 
potassium chloride, which acts as an electrical 
conductor. The fiber whose membrane is to be 
measured is pierced with the pipet and electri¬ 
cal connections are made from the pipet to an 
appropriate meter, as illustrated in the figure. 
The resting membrane potential measured in 
many different nerve and skeletal muscle fibers 
of mammals has usually ranged between —75 
and -95 millivolts, with —85 millivolts as a 
reasonable average of the different measure¬ 
ments. 


THE ACTION POTENTIAL 

So long as the membrane of the nerve fiber 
remains completely undisturbed, the membrane 
potential remains approximately —85 mil¬ 
livolts, which is called the resting potential. 
However, any factor that suddenly increases 
the permeability of the membrane to sodium is 
likely to elicit a sequence of rapid changes in 
membrane potential lasting a minute fraction of 
a second, followed immediately thereafter by 
return of the membrane potential to its resting 
value. This sequence of potential changes is 
called the action potential. 

Some of the factors that can elicit an action 
potential are electrical stimulation of the mem¬ 
brane, application of chemicals to the mem¬ 
brane to cause increased permeability to 
sodium, mechanical damage to the membrane, 
heat, cold, or almost any other factor that 
momentarily disturbs the normal resting state of 
the membrane. 

Depolarization and Repolarization. The 

action potential occurs in two separate stages 
called depolarization and repolarization, which 
may be explained by referring to Figure 1^. 
Figure l^A illustrates the resting state of the 
membrane, with negativity inside and positivity 
outside. When the permeability of the mem- 
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Figure 1-4. Sequential events during the action poten¬ 
tial, showing: (A) the normal resting potential, (B) de¬ 
velopment of a reversal potential during depolarization, 
and (C) re-establishment of the normal resting potential 
during repolarization. 


brane pores to sodium ions suddenly increases, 
many of the sodium ions rush to the inside of 
the fiber, carrying enough positive charges to 
the inside to cause complete disappearance of 
the normal resting potential and usually enough 
charges actually to develop a positive state in¬ 
side the fiber instead of the normal negative 
state, as illustrated in Figure l^B. This posi¬ 
tive state inside the fiber is called the reversal 
potential. 

Almost immediately after depolarization 
takes place, the pores of the membrane again 
become almost totally impermeable to sodium 
ions. Because of this, the positive reversal po¬ 
tential inside the fiber disappears, and the nor¬ 
mal resting membrane potential returns. This is 
called repolarization (Fig. 1-4C). 

Now, let us explain in more detail how this 
sequence of events occurs. 

MEMBRANE PERMEABILITY CHANGES 
FOR SODIUM AND POTASSIUM DURING 
THE ACTION POTENTIAL 

The action potential is caused by a sequence 
of changes in the membrane permeability for 
sodium and potassium. 

The first event is a tremendous increase in 
sodium permeability —as much as a 5000-fold 
increase. Because of the very high concentra¬ 
tion of sodium outside the fiber, sodium ions 
now diffuse rapidly to the inside, carrying posi¬ 
tive charges and changing the inside electrical 
potential from negativity to positivity. 


The second event is an increase in potassium 
permeability coupled with a simultaneous de¬ 
crease of the sodium permeability back to nor¬ 
mal. This allows large quantities of positively 
charged potassium ions to diffuse out of the 
fiber, a diffusion which returns the inside mem¬ 
brane potential back to its negative resting 
level. 

The third event is di decrease of the potassium 
permeability back to normal. 

The fourth event inactive transport of sodium 
back out of the nerve fiber and, concurrently, 
both active transport and diffusion of potassium 
ions back into the nerve fiber, thus re¬ 
establishing the original state of the fiber. 

Sodium “Channels” and Potassium 
“Channels.” The sodium and potassium ions 
are believed to diffuse through pores in the 
membrane. However, the sodium ions are 
thought to move through one set of pores called 
sodium channels whereas the potassium ions 
move through another set of pores called potas¬ 
sium channels. The actual anatomical struc¬ 
tures of these channels are not known, but some 
physiologists believe that they are actual physi¬ 
cal pores. Other physiologists believe that they 
are openings within the latticeworks of complex 
protein molecules that penetrate all the way 
through the membrane; still others have differ¬ 
ing concepts of the “pores.” Yet, regardless of 
what these structures are, they have physiolog¬ 
ical properties as if the sodium channels were 
actual oval pores with dimensions of about 3 by 
5 Angstroms and the potassium channels were 
round pores with dimensions of about 3 by 3 
Angstroms. 

Each channel is believed to be guarded by a 
“gate” that can open and close the channel. 
Under resting conditions both the sodium and 
potassium channels are almost completely 
closed; therefore, relatively few sodium and 
potassium ions can diffuse through the two re¬ 
spective channels (though the potassium chan¬ 
nels are some 50 to 100 times as permeable as 
the sodium channels, which allows far more 
potassium diffusion than sodium, as already 
explained). Yet, when the gates open, the per¬ 
meability of the sodium channels can increase 
as much as 5000-fold and the permeability of the 
potassium channels as much as 50-fold. 

Opening the Gates—the Gating Potential. The 
gates themselves are believed to be positive 
charges that are fixed inside the channels, at 
their openings, or in the lipid matrix adjacent to 
the channels. These positive charges create a 
positive electric field that protrudes far into the 
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channels and, therefore, blocks positive ion 
permeability. Alternatively, the field can be 
pulled back from the channel and thereby in¬ 
crease the channel permeability. It is believed 
that this closing and opening of the gates is 
caused by electrical potentials called gating po¬ 
tentials that occur in the lipid matrix of the cell 
membrane adjacent to the channels. That is, an 
appropriate electrical potential appearing in the 
lipid matrix near a pore can either close or open 
the gate, depending on the polarity of the poten¬ 
tial. 

With this background we can now discuss 
more intelligently the mechanisms for the 
changes in sodium and potassium per¬ 
meabilities during the action potential. 

Sudden Increase in Sodium Permeability at 
the Onset of the Action Potential— 
“Activation” of the Membrane. In the rest¬ 
ing state the gate of the sodium channel is 
closed. However, any sudden change in electri¬ 
cal potential across the membrane that causes 
the potential inside the fiber to become sud¬ 
denly less negative will also cause a simultane¬ 
ous change in the gating potential of the sodium 
channel and increase the channel’s permeabili¬ 
ty; that is, the gate will begin to open. Once the 
gate has begun this opening, the process be¬ 
comes a regenerative vicious cycle: sodium 
ions diffuse to the interior; the internal negativ¬ 
ity becomes still less; the gate opens even more 
widely; and the process continues until the gate 
is wide open. Therefore, the permeability of the 
sodium gate increases rapidly and drastically. 
This is illustrated by the lowermost curve of 
Figure 1-5, which shows that at the onset of 
the action potential the permeability of the 
membrane for sodium (measured as sodium 
“conductance”) increases several thousand¬ 
fold in only a small fraction of a millisecond. 
This tremendous increase in sodium permeabil¬ 
ity is called activation of the membrane. 

Closure of the Sodium Gates and Decrease 
in Sodium Permeability—^Membrane Inacti¬ 
vation. Immediately after the sodium gates 
have opened widely, for reasons not now 
known, these gates immediately begin to close 
again. This is illustrated by the rapid decrease 
in sodium conductance in Figure 1-5. This clo¬ 
sure of the sodium gates is called membrane 
inactivation. 

Thus, at the onset of an action potential, the 
sodium channels open widely for a fraction of a 
millisecond and then they close almost equally 
as rapidly. Yet, during this short period of time, 
large quantities of sodium ions diffuse to the 


interior of the fiber, thereby increasing the 
membrane potential from its normal negative 
value of -85 millivolts up to a positive value of 
approximately -1-45 millivolts. 

Closure of the sodium channels—that is, in¬ 
activation of the membrane—does not in itself 
return the potential back to the negative value 
because once the sodium ions have moved to 
the interior, the inside of the fiber has become 
charged to a positive voltage, and will remain at 
this voltage until some other movement of ions 
through the membrane changes the voltage 
again. But, within a fraction of a millisecond 
potassium ions diffuse to the exterior, as de¬ 
scribed below, to return the membrane poten¬ 
tial back to its resting value. 

Possible Role of Calcium Ions in Closing the 
Sodium Gates. When calcium ions are deficient 



Figure 1-5. Changes in sodium and potassium con¬ 
ductances during the course of the action potential. Note 
that sodium conductance increases several thousand-fold 
during the early stages of the action potential, Avhile 
potassium conductance increases only about 30-fold dur¬ 
ing the latter stages of the action potential and for a short 
period thereafter. (Curves constructed from data in 
Hodgkin and Huxley papers but transposed from squid 
axon to apply to the membrane potentials of large mam¬ 
malian nerve fibers.) 
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in the extracellular fluids, the sodium gates will 
not close fully between action potentials, and 
the membrane remains very leaky to sodium 
ions—sometimes so much so that the mem¬ 
brane remains depolarized continuously or fires 
repetitively. Because of this effect, it is be¬ 
lieved that calcium ions in some way play a 
significant role in the closure of the sodium 
gates. One theory is that the calcium ions bind- 
with the outside of the cell membrane at or near 
the openings to the sodium channels. The pre¬ 
sence of the electropositive charge created by 
the calcium ions then creates a positive field 
near the channels and blocks entry of sodium 
ions. At the onset of the next action potential, 
the first event is theoretically to remove these 
calcium ions, an occurrence which supposedly 
increases the permeability of the sodium chan¬ 
nels to sodium ions. 

Delayed Increase, and Subsequent De¬ 
crease, in Potassium Permeability During the 
Action Potential. Referring again to Figure 
1-5, we see that the potassium permeability 
(as measured by conductance) does not change 
significantly during the first half of the action 
potential. Yet, toward the end of the action po¬ 
tential, the potassium permeability now in¬ 
creases about fifty-fold. This allows very rapid 
movement of potassium ions out of the fiber to 
the exterior. Because the sodium gates have al¬ 
ready closed by this time, this loss of positive 
charges from the interior of the fiber causes 
rapid return of the membrane potential back to 
its normal resting value of —85 millivolts. 

Figure 1-5 also shows that the potassium 
permeability remains elevated for a short period 
even after the major portion of the action poten¬ 
tial is over, but within a millisecond or so it 
returns to normal. By this time the membrane 
potential has returned almost exactly to its orig¬ 
inal resting negative level. 

Unfortunately, the factors that cause opening 
and closing of these potassium channels are 
even less well understood than those for the 
sodium channels. However, the potassium ion 
permeability does seem to be determined 
mainly by the electrical potential that exists at 
any given time across the membrane. When the 
potential becomes positive on the inside, the 
potassium ion permeability increases; when 
negative, it decreases. Therefore, when the ac¬ 
tion potential becomes positive, after a fraction 
of a millisecond lag time, potassium permeabil¬ 
ity automatically increases, and then when the 
action potential becomes negative again, after 
another millisecond or so lag, the potassium 


permeability decreases back to its original 
level. 

Therefore, for the time being, without know¬ 
ing the reasons why, we are forced simply to 
accept the major changes in sodium and potas¬ 
sium permeabilities during the course of the ac¬ 
tion potential. A simple way to remember these 
is that the sodium channels open widely for a 
fraction of a millisecond at the onset of the ac¬ 
tion potential, and at this time the inward flux of 
sodium ions increases the inside potential 
from negativity to positivity. Then, within 
another fraction of a millisecond the sodium 
channels close while the potassium channels 
open for about a millisecond; the resulting 
efflux of potassium ions returns the membrane 
potential back approximately to its resting 
negative level. 

SUMMARY OF THE EVENTS OF THE 
ACTION POTENTIAL 

We can now summarize the action potential 
by referring specifically to the action potential 
shown at the top of Figure 1-5 and to the con¬ 
ductance changes for sodium and potassium at 
the bottom of this figure. When the sodium 
channels open and sodium ions pour to the in¬ 
side of the membrane, the positive charges of 
the sodium ions not only neutralize the normal 
electronegativity inside the tiber but also create 
an excess ot positive charges, thereby making 

the membrane potential inside the tiber posi¬ 

tive. This IS caliea me reversal poiemial, and 
for large myelin ated nerve fibers it is normally 

about -H45 millivolt s. 

Ihen, atier a rraciion of a millisecond, the 
sodium conductance decreases to its normal 
level. At the same time the potassium conduc¬ 
tance increases and allows rapid flow of potas¬ 
sium ions outward through the membrane. This 
now transfers large numbers of positive charges 
to the outside, once again creating negativity 
inside the membrane and returning the mem¬ 
brane potential approximately to its original 
—85 millivolts. 

Quantity of Ions Lost from the Nerve Fiber 
During the Action Potential. The actual 
quantity of ions that must pass through the 
nerve membrane to cause the action 
potential—that is, to cause a 135 millivolt in¬ 
crease in the membrane potential and then to 
return this potential back to its normal resting 
level—is extremely slight. For large myelinated 
nerve fibers only about 1/100,000 to 1/500,000 of 
the ions normally inside the fiber are exchanged 
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during this process. Nevertheless, this does 
cause a very slight increase of sodium ions in¬ 
side the fiber and a corresponding very slight 
decrease in potassium ions. As we shall see 
later in the chapter, the active transport proces¬ 
ses restore these ions within a few milliseconds 
or seconds. 

SOME EXPERIMENTAL METHODS THAT 
HAVE BEEN USED TO STUDY 
THE ACTION POTENTIAL 

The events of the action potential, as discussed in 
the preceding few pages, have been studied most 
widely in the squid axon, a nerve fiber that is some¬ 
times as large as 1 mm. in diameter. This fiber is large 
enough that potentials are easily measured on its in¬ 
side, and it is even possible to remove the axoplasm 
from inside the fiber and to replace this with artificial 
solution. Also, electrodes can be placed inside the 
fiber to excite it or to “clamp” the voltage across the 
membrane—that is, to fix the voltage across the 
membrane at a constant level by running current 
through the electrodes. Use of this clamping process 
has made it possible to study the effect of voltage 
changes on sodium and potassium fluxes and also on 
sodium and potassium permeabilities. 

Two drugs have proved to be invaluable in the 
study of the sodium and potassium channels. One 
drug, tetrodotoxin, will block the sodium channels. 
However, it will block these channels only when 
applied to the outside of the nerve fiber. Neverthe¬ 
less, when the sodium channels are blocked it is then 
possible to study the permeability of the potassium 
channels independently of the sodium channels. In a 
similar manner, application of tetraethylammonium 
ion to the inside of the fiber membrane blocks the 
potassium channels. In this state, the sodium chan¬ 
nels can be studied independently of the potassium 
channels. Thus, by a painstaking process of elimina¬ 
tion, the separate effects on the two types of chan¬ 
nels are gradually being elucidated. 


PROPAGATION OF THE ACTION 
POTENTIAL 

In the preceding paragraphs we have dis¬ 
cussed the action potential as it occurs at one 
spot on the membrane. However, an action po¬ 
tential elicited at any one point on an excitable 
membrane usually excites adjacent portions of 
the membrane, resulting in propagation of the 
action potential. The mechanism of this is illus¬ 
trated in Figure 1-6. Figure 1-6A shows a 
normal resting nerve fiber, and Figure 1-6B 
shows a nerve fiber that has been excited in its 
midportion—that is, the midportion has sud¬ 
denly developed increased permeability to 
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Figure 1-6. Propagation of action potentials in both 
directions along a conductive fiber. 


sodium. The arrows illustrate a local circuit of 
current flow between the depolarized and the 
resting membrane areas; current flows inward 
through the depolarized membrane and out¬ 
ward through the resting membrane, thus com¬ 
pleting a circuit. In some way not understood, 
the outward current flow through the resting 
membrane now increases the membrane’s per¬ 
meability to sodium, which immediately allows 
sodium ions to diffuse inward through the 
membrane, thus setting up the vicious cycle of 
membrane activation discussed earlier in the 
chapter. As a result, depolarization occurs at 
this area of the membrane as well. Therefore, as 
illustrated in Figure 1-6C and D, successive 
portions of the membrane become depolarized. 
And these newly depolarized areas cause local 
circuits of current flow still farther along the 
membrane, causing progressively more and 
more depolarization. Thus, the de nolarization 
process travels in both directions ^ong me en¬ 
tire extent of the fiber. The transmission of th e 
depolarization process along a nerve or muscl e 
fiber is called a ne rve or muscle imr>ulse~~ 

Direction ot Propagation. It is now obvi¬ 
ous that an excitable membrane has no single 
direction of propagation, but that the impulse 
can travel in both directions away from the 
stimulus—and even along all branches of a 
nerve fiber—until the entire membrane has be¬ 
come depolarized. 

The All-or-Nothing Principle. It is equally 
obvious that, once an action potential has been 
elicited at any point on the membrane of a nor¬ 
mal fiber, the depolarization process will travel 
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over the entire membrane. This is called the 
all-or-nothing principle, and it applies to all 
normal excitable tissues. Occasionally, though, 
when the fiber is in an abnormal state the im¬ 
pulse will reach a point on the membrane at 
which the action potential does not generate 
sufficient voltage to stimulate the adjacent area 
of the membrane. When this occurs the spread 
of depolarization will stop. Therefore, for nor- . 
mal propagation of an impulse to occur, the 

ratio ot action potential to threshold for excita-" 

tion, called the safety factor, must at all times 

oe greater tnan unity. 

Propagation of Repolarization. The action 
potential normally lasts almost the same length 
of time at each point along a fiber. Therefore, 
repolarization normally occurs first at the point 
of original stimulus and then spreads progres¬ 
sively along the membrane, moving in the same 
direction that depolarization had previously 
spread. Figure 1-7 illustrates the same nerve 
fiber as that in Figure 1-6, showing that the 
polarization process is propagated in the same 
direction as the depolarization process but a 
few ten-thousandths of a second later. 

“RECHARGING^^ THE FIBER 
MEMBRANE—IMPORTANCE OF ENERGY 
METABOLISM 

Since transmission of large numbers of im¬ 
pulses along the nerve fiber reduces the ionic 
concentration gradients, these gradients must 
be re-established. This is achieved by the action 
of the sodium and potassium pump in exactly 
the same way as that described in the first part 
of the chapter for establishment of the original 
resting potential. That is, the sodium ions that, 
during the action potentials, have diffused to 
the interior of the cell and the potassium ions 
that have diffused to the exterior are returned to 
their original state by the sodium and potassium 
pump. Since this pump requires energy for op¬ 
eration, this process of “recharging” the nerve 
fiber is an active metabolic one, utilizing energy 
derived from the adenosine triphosphate energy 



Figure 1-7. Propagaton of repolarization in both di¬ 
rections along a conductive fiber. 



Figure 1-8. Heat production in a nerve fiber at rest and 
at progressively increasing rates of stimulation. 


“currency” system of the cell. 

Heat Production by the Nerve Fiber. Fig¬ 
ure 1-8 illustrates the relationship of heat pro¬ 
duction in a nerve fiber to the number of im¬ 
pulses transmitted by the fiber each second. 
The rate of heat production is a measure of the 
rate of metabolism in the nerve, because heat is 
always liberated as a product of the chemical 
reactions of energy metabolism. Note that the 
heat production increases markedly as the 
number of impulses per second increases. It is 
this increased energy that causes the “recharg¬ 
ing” process. 

Unimportance of Energy Metabolism During Ac¬ 
tual Transmission of the Action Potential. The 

role of the sodium and potassium pump to recharge 
the nerve fiber is to maintain adequate concentration 
differences of sodium and potassium across the 
nerve membrane. However, if metabolism in the 
nerve fiber suddenly ceased and the sodium and 
potassium ions that move through the membrane 
with each action potential were not returned to their 
original sides of the membrane, the nerve fiber would 
still be able to transmit perhaps fifty thousand to a 
million nerve impulses before it would be necessary 
to recharge the fiber again. The reason for this is that 
the quantities of sodium and potassium ions that dif¬ 
fuse through the nerve membrane with each action 
potential are extremely minute, allowing tremendous 
numbers of action potentials to occur before the re¬ 
charging process is necessary. 

Thus, the action potential itself is a passive process 
in contrast to the charging and recharging processes, 
which are active metabolic processes requiring the 
utilization of ATP as an energy source. 

THE SPIKE POTENTIAL AND THE 
AFTER-POTENTIALS 

Figure 1-9 illustrates an action potential recorded 
with a much slower time scale than that illustrated in 
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Figure 1-5; many milliseconds of recording are 
shown in comparison with only the first 1.5 mil¬ 
liseconds of the action potential in Figure 1-5, 

The Spike Potential. The initial very large 
change in membrane potential shown in Figure 1-9 
is called the spike potential. In large type A myeli¬ 
nated nerve fibers it lasts for about 0.4 millisecond. 
The spike potential is analogous to the action poten¬ 
tial that has been discussed in the preceding para¬ 
graphs, and it is the spike potential that is also called 
the nerve impulse. 

The Negative After-Potential. At the termina¬ 
tion of the spike potential, the membrane potential 
fails to return all the way to its resting level for 
another few milliseconds, as shown in Figure 1-9. 
This is called the negative after-potential. It is be¬ 
lieved to result from a buildup of potassium ions im¬ 
mediately outside the membrane; this causes the 
concentration ratio of potassium across the mem¬ 
brane to be temporarily less than normal and there¬ 
fore prevents full return of the normal resting mem¬ 
brane potential for a few additional milliseconds. 

The Positive After-Potential. Once the mem¬ 
brane potential has returned to its resting value, it 
becomes a little more negative than its normal resting 
value; this excess negativity is called the positive 
after-potential. It is a fraction of a millivolt to, at 
most, a few millivolts more negative than the normal 
resting membrane potential, but it lasts from 50 mil¬ 
liseconds to as long as many seconds. 

This positive after-potential is caused principally 
by the electrogenic pumping of sodium outward 
through the nerve fiber membrane, which is the re¬ 
charging process that was discussed previously. If 
the active transport processes are poisoned, the posi¬ 
tive after-potential is lost, though both the action po¬ 
tential and the negative after-potential continue to 
occur. 

(The student might wonder why greater negativity 
in the resting membrane potential is called a positive 
rather than a negative after-potential, and likewise. 



Figure 1-9. An idealized action potential, showing: 
the initial spike followed by a negative after-potential and 
a positive after-potential. 



Figure 1-10. An action potential from a Purkinje fiber 
of the heart, showing a “plateau.” 


why the so-called negative after-potential is not 
named positive. The reason for this is that these po¬ 
tentials were first measured outside the nerve fibers 
rather than inside, and all potential changes on the 
outside are of exactly opposite polarity, whereas 
modern terminology expresses membrane potentials 
in terms of the inside potential rather than the outside 
potential.) 

PLATEAU IN THE ACTION POTENTIAL 

In some instances the excitable membrane 
does not repolarize immediately after depolari¬ 
zation, but, instead, the potential remains on a 
plateau near the peak of the spike sometimes 
for many milliseconds before repolarization be¬ 
gins. Such a plateau is illustrated in Figure 
1-10, from which one can readily see that the 
plateau greatly prolongs the period of depolari¬ 
zation. It is this type of action potential that 
occurs in the heart, where the plateau lasts for 
as long as two- to three-tenths second and 
causes contraction of the heart muscle during 
this entire period of time. 

The cause of the action potential plateau is 
probably a combination of several different fac¬ 
tors. First, there is delay in inactivation of the 
sodium channels, which allows sodium ions to 
continue flowing into the fiber for a long time 
after the onset of the action potential. Second, 
there is a small amount of calcium current flow¬ 
ing into the fiber at the same time, and these 
two currents together maintain the positive 
state inside the membrane that causes the 
plateau. However, probably equally as impor¬ 
tant is the fact that the permeability of the 
potassium channels decreases about five-fold at 
the onset of the action potential in excitable 
membranes that exhibit plateaus, and this pre¬ 
vents rapid outflow of potassium ions to the 
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outside of the fiber and, therefore, delays the 
repolarization process. 

Yet, when inactivation of the sodium chan¬ 
nels does begin, the inactivation process pro¬ 
ceeds unabated; simultaneously, the potassium 
permeability of the membrane increases a 
hundred-fold or more. Therefore, sodium and 
calcium ions stop diffusing to the interior of the 
fiber, while potassium ions diffuse outward ex¬ 
tremely rapidly. Consequently, the membrane 
potential returns quickly to its normal negative 
level, as llustrated in Figure 1-10, by the rapid 
decline of the potential at the end of the plateau. 


RHYTHMICITY OF CERTAIN 
EXCITABLE TISSUES—REPETITIVE 
DISCHARGE 


All excitable tissues can discharge repeti¬ 
tively if the threshold for stimulation is reduced 
low enough. For instance, even nerve fibers and 
skeletal muscle fibers, which normally are 
highly stable, discharge repetitively when they 
are veratrinized or when the calcium ion con¬ 
centration falls below a critical value. Repeti¬ 
tive discharges, or rhythmicity, occur normally 
in the heart, in most smooth muscle, and prob¬ 
ably also in some of the neurons of the central 
nervous system. 

I— Tlip Process Necessary for 

For rhythmicity to occur, the 
lembrane, even in its natural state, must be 
already permeable enough to sodium ions to 
allow automatic membrane activation and con¬ 
sequent depolarization. That is, (a) sodium ions 
^flow inward, (b) this further increases the mem ¬ 
brane permeability, (cl 
low inward, (d) the permeabil ity 

.more, and so forth, thus eliciting the regenera¬ 

tive process of_ mpmhra ne activation until an 
action potential is generated. Then ^ at the end" 
~ fhe paction notential the membrane returns t o 
its normal resting potential. Shortly therealT^ 
th6 acTiViALlOll process begins again ana a new 
^^llOIl "POietlLlUl' occurs spontaneously—inrs ^ 

cy cle continuing again and again and causin g 

selt-mduced rhythmic excitation of the excita¬ 


ble tissues. 

Yet why does the membrane not remain de¬ 
polarized all the time instead of re-establishing 
a membrane potential, only to beome de¬ 
polarized again shortly thereafter? The answer 
to this can be found by referring back to Figure 
1-5, which shows that toward the end of the 
action potential, and continuing for a short 
period thereafter, the membrane becomes ex¬ 


cessively permeable to potassium. The exces¬ 
sive outflow of potassium carries tremendous 
numbers of positive charges to the outside of 
the membrane, creating inside the fiber consid¬ 
erably more negativity than would otherwise 
occur for a short period after the preceding ac¬ 
tion potential is over. This is a state called 
hyperpolarizcition . As long as this state exists, 
re-excitation will not occur; but gradually the 
excess potassium conductance (and the state of 
hyperpolarization) disappears, thereby allowing 
the onset of a new action potential. 

Figure 1-11 illustrates this relationship be¬ 
tween repetitive action potentials and potas¬ 
sium conductance. The state of hyperpolariza¬ 
tion is established immediately after each pre¬ 
ceding action potential; but it gradually re¬ 
cedes, and the membrane potential correspond¬ 
ingly increases until it reaches the threshold for 
excitation; then suddenly a new action potential 
results, the process occurring again and again. 


SPECIAL ASPECTS OF IMPULSE 
TRANSMISSION IN NERVES 

“Myelinated” and Unmyelinated Nerve 
Fibers. Figure 1-12 illustrates a cross-section 
of a typical small nerve trunk, showing a few 
very large nerve fibers that comprise most of 
the cross-sectional area and many more small 
fibers lying between the large ones. The large 
fibers are myelinated and the small ones are 
unmyelinated. The average nerve trunk con¬ 
tains about twice as many unmyelinated fibers 
as myelinated fibers. 

Figure 1-13 illustrates a typical myelinated 
fiber. The central core of the fiber is the axon, 
and the membrane of the axon is the actual 
conductive membrane. The axon is filled in its 
center with axoplasm, which is a viscid intracell- 
i|lar fluid. Surrounding the axon is a myelin 



Figure 1-11. Rhythmic action potentials, and their re¬ 
lationship to potassium conductance and to the state of 
hyperpolarization. 
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Figure 1-12. Cross section of a small nerve trunk con¬ 
taining myelinated and unmyelinated fibers. 


sheath that is approximately as thick as the 
axon itself, and about once every millimeteL 
along the extent of the axon the myelin sheath is 

inteminted by a node of Ranvier. 

The myelin sheath is deposited around the 

axon by Schwann cells in the following manner: 

The membrane of a Schwann cell first envelops 
the axon. Then the cell rotates around the axon 
several times, laying down multiple layers of 
cellular membrane containing the lipid sub¬ 
stance sphingomyelin. This substance is an ex¬ 
cellent insulator that prevents almost all flow of 
ions. However, at the juncture between each 
two successive Schwann cells along the axon, a 
small uninsulated area remains where ions can 


flow with ease between the extracellular fluid 
and the axon. This area is the node of Ranvier. 

Saltatory Conduction in Myelinated Fibers. 
Even though ions cannot flow to a significant 
extent through the thick myelin sheaths of 
myelinated nerves, they can flow with consid¬ 
erable ease through the nodes of Ranvier. In¬ 
deed, the membrane at this point is 500 times as 
permeable as the membranes of some unmyeli¬ 
nated fibers. Impulses are conducted from node 
to node by the nr^rvp rather thTrT 

cont inuously along the entire fiber as occurs in 
Thp npmvpMn^^Tp g npcr . inis proccss, iiiusiratea 
in Figure 1-14, is called saltatory conduction. 
That is, electrical current flows through the sur- 
rounding extracellular fluids and also through 
the axoplasm from node to node, exciting suc¬ 
cessive nodes one after another. Thus, the im¬ 
pulse jumps down the fiber, which is the origin 
of the term “saltatory.” 

Saltatory conduction is of value for two 
reasons: First, by causing the depolarization 
process to jump long intervals along the axis of 
the nerve fiber, this mechanism greatly in¬ 
creases the velocity of nerve transmission in 
myelinated fibers. Second, saltatory conductiorT 

conserves energy tor the axon, for only the 

nodes depolarize, allowing several hundred 

times less loss of ions than would otherwise be 

necessary and therefore requiring little extra 

metaboli sm for retransnorting the ions across 

the membrane. 


r 


I mm. length 





Schwann cell membranes 
( Myelin sheath) 

Figure 1-13. The myelin sheath and its formation by Schwann cells. (Modified from Elias and Pauley: Human 
Microanatomy, Davis Co., 1966.) 
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Figure 1-14. Saltatory conduction along a myelinated 
axon. 


VELOCITY OF CONDUCTION IN 
NERVE FIBERS 

The velocity of conduction in nerve fibers 
varies from as little as 0.5 meter per second in 
very small unmyelinated fibers up to as high as 
130 meters per second (the length of a football 
field) in very large myelinated fibers. The veloc¬ 
ity increases approximately with the fiber 
diameter in myelinated nerve fibers and approx¬ 
imately with the square root of fiber diameter in 
unmyelinated fibers. 


EXCITATION—THE PROCESS 
OF ELICITING THE 
ACTION POTENTIAL 

Chemical Stimulation. Basically, any factor 
that causes sodium ions to begin to diffuse inward 
through the membrane in sufficient numbers will set 
off the automatic, regenerative “activation” 
mechanism, noted earlier in the chapter, that even¬ 
tuates in the action potential. Thus, certain chemi¬ 
cals can stimulate a nerve fiber by increasing the 
membrane permeability. Such chemicals include 
acids, bases, almost any salt solution of very strong 
concentration, and, most importantly, the substance 
acetvlcholuie. Many nerve fibers, when stimulated, 
secrete acetylcholine at their endings where they 
synapse with other neurons or where they end on 
muscle fibers. The acet ylcholin^ijiYum stimulate s 
the successive neuron or muscle fiber . This is dis¬ 
cussed in much greater detail in Chapter 3, and it is 
one of the most important means by which nerve and 
muscle fibers are stimulated. Likewise, norepineph ¬ 
rine secreted by sympathetic nerve ^dinp can 
^ "stimulate cardiac musc le fibers^ and^so me smoiit h 
Muscle fibers, and still other hormonal substanc es 

*^ can stimulate successive neurons in the central nerv- 

ous system. 


Mechanical Stimulation. Crushing, pinching, or 
pricking a nerve fiber can cause a sudden surge of 
sodium influx and, for obvious reasons, can elicit an 
action potential. Even slight pressure on some 
specialized nerve endings can stimulate these; this 
will be discussed in Chapter 6 in relation to sensory 
perception. 

Electrical Stimulation. Electrical stimulation 
also can initiate an action potential. An electrical 
charge artificially induced across the membrane 
causes excess flow of ions through the membrane; 
this in turn can initiate an action potential. However, 
not all methods of applying electrical stimuli result in 
excitation, and, since this is the usual means by 
which nerve fibers are excited when they are studied 
in the laboratory, the process of electrical excitation 
deserves more detailed comment. 

Cathodal versus Anodal Currents, Figure 1-15 il¬ 
lustrates a battery connected to two electrodes on 
the surface of a nerve fiber. At the cathode, or nega¬ 
tive electrode, the potential outside the membrane is 
negative with respect to that on the inside, and the 
current that flows outward through the membrane at 
this point is called cathodal current. At the anode, 
the electrode is positive with respect to the potential 
immediately inside the membrane, and the inward 
^rrent flow at this point is called anodal current. 

’ A cathodaNcurrent excites the fiber whereas an 
anoda^^irrent actually makes the fiber more resis¬ 
tant to excitation than normal. Though the cause of 
This difference between the two types of current can¬ 
not be explained completely, it is known that the 
normal impermeability of the membrane to sodium 
results partially from the high resting membrane po¬ 
tential across the membrane, and any condition that 
lessens this potential causes the membrane to be¬ 
come progressively more permeable to sodium. Ob¬ 
viously, at the cathode the applied voltage is oppo¬ 
site to the resting potential of the membrane, and this 
reduces the net potential. As a result, the membrane 
becomes far more permeable than usual to sodium 
followed by subsequent development of an action po¬ 
tential. 

On the other hand, at the anode, the applied poten¬ 
tial actually enhances the membrane potential. This 
makes the membrane less permeable to sodium than 
ever, resulting in increased resistance of the mem¬ 
brane to stimulation by other means. 

Threshold for Excitation and ^^Acute Subthreshold 
Potential.” A very weak cathodal potential cannot 
excite the fiber. But, when this potential is progres¬ 
sively increased, there comes a point at which excita¬ 
tion takes place. Figure 1-16 illustrates the effects 
of successively applied cathodal stimuli of progres¬ 
sing strength. A very weak stimulus at point A 
causes the membrane potential to change from -85 
to -80 millivolts, but this is not a sufficient change 
for the automatic regenerative processes of the ac¬ 
tion potential to develop. At point B the stimulus is 
greater, but, here again, the intensity still is not 
enough to set off the automatic action potential. 
Nevertheless, the membrane voltage is disturbed for 






































20 


NERVE AND MUSCLE 



Nerve very Nerve very 

resistant to excitable 

excitation 

Figure 1-15. Effects of anodal and cathodal currents on 
excitability of the nerve membrane. 


as long as a millisecond or more after both of the 
weak stimuli; the potential changes during these 
small intervals of time are called acute siibthreshold 
potentials, as illustrated in the figure. 

At point C in Figure 1-16 the stimulus elicits an 
acute membrane potential that is not subthreshold 
but slightly more than the threshold value, and, after 
a short “latent period,” it initiates an action poten¬ 
tial. At point D the stimulus is still stronger, and the 
acute membrane potential initiates the action poten¬ 
tial even sooner. Thus, this figure shows that even a 
very weak stimulus always causes a local potential 
change at the membrane, but that the intensity of the 
local potential must rise to a threshold value before 
the automatic action potential will be set off. 

^‘Accommodation’’ to Stimuli. When a cathodal 
potential annlied to a ner ve fiber is made to incrpasp 
very slowly, rather than ra pidly, the threshold vol¬ 
tage requirea to bhUijti firing is considerably in^ 
creased. I his p henomeno n is called accommodation: 

in other woras, tne excitable membrane is said to 

“accommodate” itself to slowly increasing poten¬ 
tials rather than firing. It is probable that a slowly 
increasing stimulatory current allows time for ions to 
build up (or become depleted) in the areas im¬ 
mediately adjacent to the fibers, these changes in ion 
concentrations partially opposing the stimulus. 

Excitability Curve of Nerve Fibers. A so-called 
“excitability curve” of a nerve fiber is shown in Fig¬ 
ure 1-17. To obtain this curve a high voltage 



Figure 1-16. Effect of stimuli on the potential of the 
excitable membrane, showing the development of “acute 
subthreshold potentials” when the stimuli are below the 
threshold value required for eliciting an action potential. 



Figure 1-17. Excitability of a large myelinated nerve 
fiber. 


stimulus (4 volts, in this instance) is first applied to 
the fiber, and the minimum duration of stimulus re¬ 
quired to excite the fiber is found. The voltage and 
minimal time are plotted as point A. Then a stimulus 
voltage of 3 volts is applied, and the minimal time 
required is again determined; the results are plotted 
as point B. The same is repeated at 2 volts, 1 volt, 0.5 
volt, and so forth, until the least voltage possible at 
which the membrane is stimulated has been reached. 
On connection of these points, the excitability curve 
is determined. 

The excitability curve of Figure 1-17 is that of a 
large myelinated nerve fiber. The least possible vol ¬ 
tage at which it will fire is called the rheohase. an d 
'the time required for this least vg ltapp tr> ctimniot^ 
The fiber is called the ntiliTotion time. Then, if the 
voltage is increased to twice the rheobase voltage. 

the time required to stimulate the fiber is th^ 

chronaxie: this is often used as a means of expressing 
relative excitabilities of different excitable tissue s. 

For instance, the chronaxie of a large type A fiber is 

about 0.0001 to 0.0002 second; of smaller myelinated 
nerve fibers, approximately 0.0003 second; of un¬ 
myelinated fibers, 0.0005 second; of skeletal muscle 
fibers, 0.00025 to 0.001 second; and of heart muscle, 
0.001 to 0.003 second. 

The Refractory Period. A second action poten¬ 
tial cannot occur in an excitable fiber as long as the 
membrane is still depolarized from the preceding ac¬ 
tion potential. Therefore, even an electrical stimulus 
of maximum strength applied before the first spike 
potential is almost over will not elicit a second one. 
This interval of inexcitability is called the absolute 
refractory period. 1 he absolute refractory period o f 

large myelinated nerve fibers is about Vo^nn 

Thererore, one can readily calculate that such a fiber 
can carry a maximum of about 2500 impulses per 
second. Following the absolute refractory period is a 
relative refractory period lasting about one quarter as 
long. During this period, stronger than normal stimuli 
are required to excite the fiber. In some types of 
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fibers, a short period of supernormal excitability fol- nerve impulse fails to pass through the anesthetized 
lows the relative refractory period. area. 


FACTORS THAT INCREASE MEMBRANE 
EXCITABILITY 

Any condition that increases the natural permea¬ 
bility of the membrane usually causes it to become 
more excitable than usual. For instance, the drug 
veratrine has a direct action on the membrane to in¬ 
crease its permeability to sodium, and, as a con- 
"sequence, the strength of stimulus needed to elicit ^n 

impulse IS greatl y reduced; or, on occasion, the fib^r 

Decome s so excitaoie that spontaneous impulses ar^ 

generated without any extraneous excitation. 

^ Cow (Jaicium 'letany. An extremely important 
potentiator of excitabilit y is low concentra tion of 
calcium ions in the extracellular fluids. (Jaicium ions' 
■‘Iioriiially decrease the permeability of the membrane 
to sodium. If sufficient calcium ions are not availa- 


RECORDING MEMBRANE 
POTENTIALS AND ACTION 
POTENTIALS 

The Cathode Ray Oscilloscope. Earlier in this 
chapter we have noted that the membrane potential 
changes very rapidly throughout the course of an ac¬ 
tion potential. Indeed, most of the action potential 
complex of large nerve fibers takes place in less than 
Viooo second. In some figures of this chapter a meter 
has been shown recording these potential changes. 
However, it must be understood that any meter ca¬ 
pable of recording them must be capable of respond¬ 
ing extremely rapidly. For practical purposes the 
only type of meter that is capable of responding ac- 

ble, however, the permeability becomes increased/Oa.'^l!'''*'®'^ 1° membrane potential 

and as a result the membrane excitability great lv^H changes of most excitable fibers is the cathode ray 

increases—sometimes so greatly that many spon- 


IcllltlbLls impulses result and cause muscular spctlblTi. 

rt hN contiinon is KJiiiwn as loU l!UL!lllth leian v. ii 
often occurs in patients who have lost their 
parathyroid glands and who therefore cannot ma in¬ 
tain normal calcium ion concentrations. 


INHIBITION OF EXCITABILITY— 
^^STABILIZERS’' AND LOCAL 
ANESTHETICS 

Contrary to the factors that increase excitability, 
still others called membrane stabilizing factors can 
decrease excitability. For instance , a /i/g/z calcium 
ion concentration decreases the membrane pprmpa^ 
bilitv and simultaneously reauces its excitabililx, 
Therefore, calcium ions ar e saia to be a j’st abilizeij .” 
Also, low potassium ion concentration m tne ex ¬ 
tracellular fluids, because it increases the negativity 
of the resting membrane potential (a process caiiea 

"hyperpolarization'’), likewise acts as a staPiiize r 

and reduces membrane excitability. Indeed, in a 

nere diiary disease kn own a s familial periodic 

‘ paralysis, the extracellular notassium ion concentra¬ 

tion IS otten so greatly reduced that the person actu¬ 
ally becomes paralyzed, but he reverts to normalcy 
"thstantly atter intravenous administration of potas- 


oscilloscope. 

Figure 1-18 illustrates the basic components of a 
cathode ray oscilloscope. The cathode ray tube itself 
is composed basically of an electron gun and a 
fluorescent surface against which electrons are fired. 
Where the electrons hit the surface, the fluorescent 
material glows Mf the electron beam is moved across 
the surface, the spot of glowing light also moves and" 
draws a fluorescent line on tne screen. 

In addition to the electron gun and fluorescent sur¬ 

face, the cathode ray tube is provided with two sets 
oh plates: one set, called the horizontal deflection ~ 

plates, positioned on either side of the electron 

beam, and the other set, called the verticaideflection 

plates, positioned above and below the beam. If a 

.negative charge is applied to the left-hand plate and a 
positive charge to the right-hand n iate. the electron ^ 

bea m will be repelled away from the left plate and 

at tractea toward tne right plate, thus bending the 

bearrn'bwara the right, and this will cause the spot of 

light on the fluorescent surface of the cathode r^ 


Recorded action 
potential 


Horizontal plates 
Vertical plates 
Electron gun 


Slum. 


Local Anesthetics and the “Safety Factor.” 

Among the most important stabilizers are the many 
substances used clinically as local anesthetics, in¬ 
cluding cocaine, nrocaig f and many 

other drugs. These act directly on the membrane, 
decreasing its permeability to sodium and, therefore, 

also red ucing membrane excitability . When the ex¬ 

citability has been reduced so low that the ratio of 
action notential strength to excitabilit y threshold 
Tcalled the “safety factor”) is reduced below unitw a 
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Figure 1-18. The cathode ray oscilloscope for recording 
transient action potentials. 
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screen to move to the right. Likewise, positive and 
negative charges can be applied to the vertical deflec¬ 
tion plates to move the beam up or down. 

Since electrons travel at extremely rapid velocity 
and since the plates of the cathode ray tube can be 
alternately charged positively or negatively within 
less than a millionth of a second, it is obvious that the 
spot of light on the face of the tube can also be moved 
to almost any position in less than a millionth of a 
second. For this reason, the cathode ray tube oscil¬ 
loscope can be considered to be an inertialess meter 
capable of recording with extreme fidelity almost any 
change in membrane potential. 

To use the cathode ray tube for recording action 
potentials, two electrical circuits must be employed. 
These are (1) an electronic sweep circuit that controls 
the voltages on the horizontal deflection plates and 
(2) an electronic amplifier that controls the voltages 
on the vertical deflection plates. The sweep circuit 
automatically causes the spot of light to begin at the 
left-hand side and move slowly toward the right. 
When the spot reaches the right side it jumps back 
immediately to the left-hand side and starts a new 
trace. 

The electronic amplifier amplifies signals that 
come from the nerve. If a change in membrane po¬ 
tential occurs while the spot of light is moving across 
the screen, this change in potential will be amplified 
and will cause the spot to rise above or fall below the 
mean level of the trace, as illustrated in the figure. In 
other words, the sweep circuit provides the lateral 
movement of the electron beam while the amplifier 
provides the vertical movement in direct proportion 
to the changes in membrane potentials picked up by 
appropriate electrodes. 

Figure 1-18 also shows an electric stimulator 
used to stimulate the nerve. When the nerve is stimu¬ 
lated, a small stimulus artifact usually appears on the 
oscilloscope screen prior to the action potential. 

Recording the Monophasic Action Poten¬ 
tial. Throughout this chapter monophasic action 
potentials have been shown in the different diagrams. 
To record these, an electrode such as that illustrated 
earlier in the chapter in Figure 1-3 must be inserted 
into the interior of the fiber. Then, as the action po¬ 
tential spreads down the fiber, the changes in the 
potential inside the fiber are recorded as illustrated 
earlier in the chapter in Figures 1-5, 1-9, and 1-10. 

Recording a Biphasic Action Potential. When 
one wishes to record impulses from a whole nerve 
trunk, it is not feasible to place electrodes inside the 
nerve fibers. Therefore, the usual method of record¬ 
ing is to place two electrodes on the outside of fibers. 
However, the record that is obtained is then biphasic 
for the following reasons: When an action potential 
moving down the nerve fiber reaches the first elec¬ 
trode, it becomes charged negatively while the sec¬ 
ond electrode is still unaffected. This causes the os¬ 
cilloscope to record in the negative direction. Then 
as the action potential passes beyond the first elec¬ 
trode and reaches the second electrode, the mem- 



Figure 1-19. Recording of a biphasic action potential. 

brane beneath the first electrode becomes re¬ 
polarized while the second electrode is still negative, 
and the oscilloscope records in the opposite direc¬ 
tion. When these changes are recorded continuously 
by the oscilloscope, a graphic record such as that 
illustrated in Figure 1-19 is recorded, showing a po¬ 
tential change first in one direction and then in the 
opposite direction. 
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Contraction of Skeletal Muscle 


Approximately 40 per cent of the body is 
skeletal muscle and another 5 to 10 per cent is 
smooth or cardiac muscle. Many of the same 
principles of contraction apply to all these dif¬ 
ferent types of muscle, but in the present chap¬ 
ter the function of skeletal muscle is considered 
mainly, while the specialized functions of 
smooth muscle will be discussed in the follow¬ 
ing chapter. 

PHYSIOLOGIC ANATOMY OF 
SKELETAL MUSCLE 

THE SKELETAL MUSCLE FIBER 

All skeletal muscles of the body are made up 
of numerous muscle fibers ranging between 10 
and 80 microns in diameter. In most muscles 
the fibers extend the entire length of the muscle, 
and except for about 2 per cent of the fibers, 
each of these is innervated by only one nerve 
ending located near the middle of the fiber. 

The Sarcolemma. The sarcolemma is the 
cell membrane of the muscle fiber. However, 
the sarcolemma consists of a true cell mem¬ 
brane, called X\\Q plasma membrane, and a thin 
layer of polysaccharide material similar to that 
of the basement membrane surrounding blood 
capillaries; thin collagen fibrillae are also pres¬ 
ent in the outer layer of the sarcolemma. At the 
ends of the muscle fibers, these surface layers 
of the sarcolemma fuse with tendon fibers, 
which in turn collect into bundles to form the 
muscle tendons, and thence insert into the 
bones. 

Myofibrils; Actin and Myosin Filaments. 

Each muscle fiber contains several hundred to 


several thousand myofibrils, which are illus¬ 
trated by the small dots in the cross-sectional 
view of Figure 2-1. Each myofibril in turn has, 
lying side-by-side, about 1500 myosin filaments 
and two times this many actin filaments, which 
are large polymerized protein molecules that 
are responsible for muscle contraction. These 
can be seen in longitudinal view in the electron 
micrograph of Figure 2-2, and are represented 
diagrammatically in Figure 2-3. The thick 
filaments are myosin and the thin filaments are 
actin. Note that the myosin and actin filaments 
partially interdigitate and thus cause the 
myofibrils to have alternate light and dark 
bands. The light bands, which contain only 
actin filaments, are called I bands because they 
are mainly isotropic to polarized light. The dark 
bands, which contain the myosin filaments as 
well as the ends of the actin filaments where 



Figure 2-1. Side and cross-sectional views of a skeletal 
muscle fiber. 
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Figure 2-2. Electron micrograph of muscle myofibrils, showing the detailed organization of actin and myosin filaments 
in the fibril. Note the mitochondria lying between the myofibrils. (From Fawcett: The Cell, 1966). 


they overlap the myosin, are called A bands 
because they are anisotropic to polarized light. 
Note also the small projections from the sides 
of the myosin filaments. These are called 
cross-bridges. They protrude from the surfaces 
of the myosin filaments along the entire extent 
of the filament, except in the very center. It is 
interaction between these cross-bridges and the 
actin filaments that causes contraction. 



H Z H Z H 


Myosin filaments ' iARCOMEpi filaments 

Z membrane 

Figure 2-3. Arrangement of the myosin and actin fila¬ 
ments in the sarcomeres. 


Figure 2-3 also shows that the actin fila¬ 
ments are attached to the so-called Z mem¬ 
brane or Z line, and the filaments extend on 
either side of the Z membrane to interdigitate 
with the myosin filaments. The Z membrane 
also passes from myofibril to myofibril, attach¬ 
ing the myofibrils to each other all the way 
across the muscle fiber. Therefore, the entire 
muscle fiber has light and dark bands, as is also 
true of the individual myofibrils. It is these 
bands that give skeletal and cardiac muscle 
their striated appearance. 

The portion of a myofibril (or of the whole 
muscle fiber) that lies between two successive Z 
membranes is called a sarcomere. When the 
muscle fiber is at its normal fully stretched rest¬ 
ing length, the length of the sarcomere is about 
2.0 microns. At this length, the actin filaments 
completely overlap the myosin filaments and 
are just beginning to overlap each other. We 
shall see later that it is at this length that the 
sarcomere also is capable of generating its 
greatest force of contraction. 

When a muscle fiber is stretched beyond its 
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resting length, the ends of the actin filaments 
pull apart, leaving a light area in the center of 
the A band. This light area, called the H zone, is 
illustrated in Figure 2-3. Such an H zone 
rarely occurs in the normally functioning mus¬ 
cle because normal sarcomere contraction oc¬ 
curs when the resting length of the sarcomere is 
from 2.0 microns to 1.6 microns. In this range 
the ends of the actin filaments not only overlap 
the myosin filaments but also overlap each 
other. 

The Sarcoplasm. The myofibrils are sus¬ 
pended inside the muscle fiber in a matrix called 
sarcoplasm, which is composed of usual in¬ 
tracellular constituents. The fluid of the sarco¬ 
plasm contains large quantities of potassium, 
magnesium, phosphate, and protein enzymes. 
Also present are tremendous numbers of 
mitochondria that lie between and parallel to 
the myofibrils, a condition which is indicative of 
the great need of the contracting myofibrils for 
large amounts of ATP formed by the mitochon¬ 
dria. 

The Sarcoplasmic Reticulum. Also in the 
sarcoplasm is an extensive endoplasmic re¬ 
ticulum, which in the muscle fiber is called the 
sarcoplasmic reticulum. This reticulum has a 
special organization that is extremely important 
in the control of muscle contraction, which will 
be discussed later in the chapter. The electron- 
micrograph of Figure 2-4 illustrates the ar¬ 
rangement of this sarcoplasmic reticulum and 
shows how extensive it can be. The more 
rapidly contracting types of muscle have espe¬ 


cially extensive sarcoplasmic reticulums, indi¬ 
cating that this structure is important in causing 
rapid muscle contraction, as will also be dis¬ 
cussed later. 

One can see from the figure that the sarco¬ 
plasmic reticulum is composed of longitudinal 
tubules that lie parallel to the myofibrils. The 
reader can also note that the two ends of each 
longitudinal tubule terminate in cisternae that 
are bulbous structures quite different from the 
main body of the tubules. We shall see later that 
the two respective portions of the sarcoplasmic 
reticulum play specific roles in muscle contrac¬ 
tion. 

The Transverse Tubule System—T Tu¬ 
bules. In addition to the sarcoplasmic re¬ 
ticulum, each muscle fiber also has another ex¬ 
tensive tubular system called the transverse 
tubules or T tubules. These tubules run perpen¬ 
dicular to the myofibrils, in contrast to the sar¬ 
coplasmic reticulum that runs parallel. They are 
illustrated in Figure 2-4, which shows the T 
tubules cut in cross-sections (see arrows). Note 
that each T tubule is very small and lies be¬ 
tween the ends of two successive longitudinal 
tubules with the cisternae of the longitudinal 
tubules abutting the T tubule. This area of con¬ 
tact between the sarcoplasmic reticulum and a 
T tubule is called a triad because it is composed 
of a central small tubule and, on its sides, two 
bulbous cisternae of the sarcoplasmic re¬ 
ticulum. In skeletal muscle, a triad occurs adja¬ 
cent to each area where the actin and myosin 
filaments overlap, and since this occurs at each 



Figure 2-4. Sarcoplasmic reticulum 
surrounding the myofibril, showing 
the longitudinal system paralleling 
the myofibrils. Also shown in cross- 
section are the T tubules that lead to 
the exterior of the fiber membrane and 
that contain extracellular fluid (ar¬ 
rows). (From Fawcett: The Cell, 
1966). 




CONTRACTION OF SKELETAL MUSCLE 


27 


end of each myosin filament, there are two 
triads per sarcomere. (However, in heart mus¬ 
cle there is only one triad per sarcomere, lo¬ 
cated adjacent to the Z membrane.) 

Another important characteristic of the T 
tubules is that they pass all the way through the 
fiber from one side of the membrane to the 
other; they open to the exterior rather than to 
the interior of the cell and contain extracellular * 
fluid that is continuous with the fluid outside the 
cell rather than intracellular fluid. When an ac¬ 
tion potential spreads over the muscle fiber 
membrane, electrical currents, probably in the 
form of an action potential, are transmitted to 
the interior of the muscle fiber by way of the T 
tubule system, and it is these currents that 
cause the muscle to contract, as we shall dis¬ 
cuss shortly. 


MOLECULAR MECHANISM OF 
MUSCLE CONTRACTION 

Sliding Mechanism of Contraction. Figure 
2-5 illustrates the basic mechanism of muscle 
contraction. It shows the relaxed state of a sar¬ 
comere (above) and the contracted state (be¬ 
low). In the relaxed state, the ends of the actin 
filaments derived from two successive Z mem¬ 
branes barely overlap each other while at the 
same time completely overlapping the myosin 
filaments. On the other hand, in the contracted 
state these actin filaments have been pulled in¬ 
ward among the myosin filaments so that they 
now overlap each other to a major extent. Also, 
the Z membranes have been pulled by the actin 
filaments up to the ends of the myosin fila¬ 
ments. Indeed, the actin filaments can be pulled 
together so tightly that the ends of the myosin 
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Figure 2-5. The relaxed and contracted states of a 
myofibril, showing sliding of the actin filaments into the 
channels between the myosin filaments. 


filaments actually buckle during very intense 
contraction. Thus, muscle contraction occurs 
by a sliding filament mechanism. 

But what causes the actin filaments to slide 
inward among the myosin filaments? Unfortu¬ 
nately, we do not completely know the answer 
to this question. Yet we do know that it is 
caused by attractive forces that develop be¬ 
tween the actin and myosin filaments. Almost 
certainly, these attractive forces are the result 
of mechanical, chemical, or electrostatic forces 
generated by the interaction of the cross¬ 
bridges of the myosin filaments with the actin 
filaments. 

Under resting conditions, the attractive forces 
between the actin and myosin filaments are in¬ 
hibited, but when an action potential travels 
over the muscle fiber membrane, this causes the 
release of large quantities of calcium ions into 
the sarcoplasm surrounding the myofibrils. 
These calcium ions activate the attractive 
forces between the filaments and contraction 
begins. But energy is also needed for the con¬ 
tractile process to proceed. This energy is de¬ 
rived from the high energy bonds of adenosine 
triphosphate (ATP), which is degraded to 
adenosine diphosphate (ADP) to give the 
energy required. 

In the next few sections we will describe 
what is known about the details of the molecu¬ 
lar processes of contraction. To begin this dis¬ 
cussion, however, we must first characterize in 
detail the myosin and actin filaments. 

MOLECULAR CHARACTERISTICS OF 
THE CONTRACTILE FILAMENTS 

The Myosin Filament. The myosin fila¬ 
ment is composed of approximately 200 myosin 
molecules, each having a molecular weight of 
450,000. Figure 2-6, section A illustrates an 
individual molecule; section B illustrates the 
organization of the molecules to form a myosin 
filament as well as its interaction with two actin 
filaments. 

The myosin molecule is composed of two 
parts; one part called light meromyosin and the 
other part called heavy meromyosin. The light 
meromyosin consists of two peptide strands 
wound around each other in a helix. The heavy 
meromyosin in turn consists of two parts: first, 
a double helix similar to that of the light 
meromyosin; second, a head attached to the 
end of the double helix. The head itself is a 
composite of two globular protein masses. 

It is believed that the myosin molecule is 
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Heavy Meromyosin 


Light Meromyosin 



Head 



ACTIN FILAMENTS 



Figure 2-6. (A) the myosin 

molecule. (B) Combination of 
many myosin molecules to form a 
myosin filament. Also shown are 
the cross-bridges and the interac¬ 
tion between the heads of the 
cross-bridges with adjacent actin 
filaments. 


MYOSIN FILAMENT 


especially flexible at two points—the juncture 
between the light meromyosin and the heavy 
meromysin and between the body of the heavy 
meromyosin and the head. These two areas are 
called hinges. 

In section B of Figure 2-6 the central por¬ 
tion of a myosin filament is illustrated. The 
body of this filament is composed of parallel 
strands of light meromyosin from multiple 
myosin molecules. In fact, whenever myosin 
molecules are precipitated from solution, it is 
found that the light meromyosin portions of the 
myosin molecules have a natural tendency to 
aggregate together to form filaments almost 
precisely like those of the myosin filaments 
found in muscle. On the other hand, the heavy 
meromyosin portions of myosin molecules 
protrude from all sides of the myosin filament, 
as illustrated in the figure. These protrusions 
constitute the cross-bridges. The heads of the 
cross-bridges lie in apposition to the actin fila¬ 
ments, whereas the rod portions of the cross¬ 
bridges act as hinged arms that allow the heads 
to extend either far outward from the body of 
the myosin filament or to lie close to the body. 
The length of the head is 120 Angstroms 
while the length of the hinged arm is 400 
Angstroms. Therefore, the combination of the 


arm and the head allows the cross-bridges to 
extend far laterally. This is very important be¬ 
cause during contraction of the muscle the actin 
and myosin filaments are spread progressively 
apart from each other by the engorgement of 
fluid in the shortened myofibrils. 

Note also that the arms of the cross-bridges 
extend toward the two ends of the filament and 
away from the center of the filament. There¬ 
fore, in the very center of the myosin filament, 
for a length of about 0.2 micron, there are no 
cross-bridge heads. 

The total length of the myosin filament is 160 
Angstroms, and the 200 myosin molecules 
allow the formation of 100 pairs of cross¬ 
bridges—50 pairs on each end of the myosin 
filament. 

Now, to complete the picture, the myosin fil¬ 
ament is twisted so that it makes one complete 
revolution for each three pairs of cross-bridges. 
Each twist has a length of 429 Angstroms, and 
each pair of cross-bridges lies 143 Angstroms 
from the next pair and is axially displaced from 
the previous pair by 120°. 

The Actin Filament. The actin filament is 
also complex. It is composed of three different 
components; ucrm, tropomyosin, and troponin. 

The backbone of the actin filament is a 
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double-stranded F-actin protein molecule, illus¬ 
trated in Figure 2-7. The two strands are 
wound in a helix, making a complete 360° revo¬ 
lution approximately every 700 Angstroms. 

Each strand of the double F-actin helix is 
composed of polymerized G-actin molecules, 
each having a molecular weight of 47,000 and a 
length of 54 Angstroms. There are approxi¬ 
mately 13 of these molecules in each revolution ‘ 
of each strand of helix. And attached to each 
one of the G-actin molecules is one molecule of 
ADP, It is believed that these ADP molecules 
are the active sites on the actin filaments with 
which the cross-bridges of the myosin filaments 
interact to cause muscle contraction. The active 
sites on the two F-actin strands of the double 
helix are staggered, giving one active site on the 
overall actin filament approximately every 27 
Angstroms. 

The Troponin-Tropomyosin Complex. The 
actin filament also contains two additional pro¬ 
tein strands that are polymers of tropomyosin 
molecules, each molecule having a molecular 
weight of 70,000. It is believed that these pro¬ 
tein strands lie in the two grooves formed by the 
two F-actin strands of the actin helix. Each 
tropomyosin molecule in the tropomyosin 
strand extends for a length of 400 Angstroms, 
and attached to each tropomyosin molecule is a 
molecule of still another protein, troponin. 
Troponin has a very high affinity for calcium 
ions. It is believed that the combination of cal¬ 
cium ions with troponin is the trigger that in¬ 
itiates muscle contraction, as will be discussed 
in the following section. 

INTERACTION OF MYOSIN AND ACTIN 
FILAMENTS TO CAUSE CONTRACTION 

Inhibition of the Actin Filament by the 
Troponin-Tropomyosin Complex; Activation 


Active sites (? ADP) 



Figure 2-7. The actin filament, composed of two heli¬ 
cal strands of F-actin. Also shown is a small portion of 
one of the two tropomyosin strands that lie in the grooves 
between the actin strands. On the surface of the 
tropomyosin one large molecule of troponin is shown 
schematically. 


by Calcium Ions. A pure actin filament with¬ 
out the presence of the troponin-tropomyosin 
complex binds strongly with myosin molecules 
in the presence of magnesium ions and ATP, 
both of which are normally abundant in the 
myofibril. But, if the troponin-tropomyosin 
complex is added to the actin filament, this 
binding does not take place. Therefore, it is be¬ 
lieved that the normal active sites on the normal 
actin filament of the relaxed muscle are inhib¬ 
ited (or perhaps physically covered) by the 
troponin-tropomyosin complex. Consequently, 
they cannot interact with the myosin filaments 
to cause contraction. Before contraction can 
take place the inhibitory effect of the troponin- 
tropomyosin complex must itself be inhibited. 

Now, let us discuss the role of the calcium 
ions. In the presence of large amounts of cal¬ 
cium ions the inhibitory effect of the troponin- 
tropomyosin on the actin filaments is itself in¬ 
hibited. The mechanism of this is not known, 
but one suggestion is the following: When cal¬ 
cium ions combine with troponin, which has an 
extremely high affinity for calcium ions even 
when they are present in minute quantities, the 
troponin molecule supposedly undergoes a con¬ 
formational change that in some way tugs on 
the tropomyosin protein strand. This in turn 
supposedly moves the tropomyosin strand 
deeper into the groove between the two actin 
strands and thereby “uncovers” the active sites 
of the actin, thus allowing contraction to pro¬ 
ceed. Though this is a hypothetical mechanism, 
nevertheless it does emphasize that the normal 
relationship between the tropomyosin-troponin 
complex and actin is altered by calcium ions—a 
condition which leads to contraction. 

Interaction Between the “Activated” Actin 
Filament and the Myosin Molecule—The 
Ratchet Theory of Contraction. As soon as 
the actin filament becomes activated by the cal¬ 
cium ions, it is believed that the heads of the 
cross-bridges from the myosin filaments im¬ 
mediately become attracted to the active sites 
of the actin filament, and this in some way 
causes contraction to occur. Though the precise 
manner by which this interaction betwen the 
cross-bridges and the actin causes contraction 
is still unknown, a suggested hypothesis for 
which considerable circumstantial evidence 
exists is the so-called ratchet theory of contrac¬ 
tion. 

Figure 2-8 illustrates the postulated ratchet 
mechanism for contraction. This figure shows 
the heads of two cross-bridges attaching to and 
disengaging from the active sites of an actin 
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Actin Filament 



Figure 2-8. The ratchet mechanism for contraction of 
the muscle. 


filament. It is postulated that when the head 
attaches to an active site this attachment alters 
the bonding forces between the head and its 
arm, thus causing the head to tilt toward the 
center of the myosin filament, and to drag the 
actin filament along with it. This tilt of the head 
of the cross-bridge is called the power stroke. 
Then, immediately after tilting, the head au¬ 
tomatically splits away from the active site and 
returns to its normal perpendicular direction. In 
this position it combines with an active site 
further down along the actin filament; then, a 
similar tilt takes place again to cause a new 
power stroke, and the actin filament moves 
another step. Thus, the heads of the cross¬ 
bridges bend back and forth and step by step 
pull the actin filament toward the center of the 
myosin filament. Thus, the movements of the 
cross-bridges use the active sites of the actin 
filaments as cogs of a ratchet. 

Each one of the cross-bridges is believed to 
operate independently of all others, each at¬ 
taching and pulling in a continuous, alternating 
ratchet cycle. Therefore, the greater the 
number of cross-bridges in contact with the 
actin filament at any given time, the greater, 
theoretically, is the force of contraction. 

ATP as the Source of Energy for 
Contraction—Chemical Events in the Ratchet 
Cycle. When a muscle contracts against a 
load, work is performed, and energy is re¬ 
quired. It is found that large amounts of ATP 
are cleaved to form ADP during the contraction 
process. Furthermore, the greater the amount 
of work performed by the muscle, the greater is 
the amount of ATP that is cleaved. However, 
unfortunately, it is still not known exactly how 
ATP is used to provide the energy for contrac¬ 
tion. Yet, the following is a sequence of events 
that has been suggested as the means by which 
this occurs: 

1. When the inhibitory effect of the 
troponin-tropomyosin complex has itself been 


inhibited by calcium ions, the heads of the 
cross-bridges that are in the nontilted position 
bind with uncovered sites on the actin filament, 
as illustrated in Figure 2-8. 

2. It is assumed that the bond between the 
head of the cross-bridge and the active site of 
the actin filament causes a conformational 
change in the head, thus causing the head to tilt 
and to provide the power stroke for pulling the 
actin filament. This power stroke is believed to 
result from energy that has already been stored 
in the heavy meromyosin molecule and not 
from energy derived from ATP. 

3. Once the head of the cross-bridge is tilted, 
the conformational change in the head exposes 
a reactive site in the head where ATP can bind. 
Therefore, one molecule of ATP binds with the 
head, and this binding in turn causes detach¬ 
ment of the head from the active site. 

4. Once the head bound with ATP splits 
away from the active site, the ATP is itself 
cleaved by a very potent ATPase activity of the 
heavy meromyosin. The energy released sup¬ 
posedly tilts the head back to its normal per¬ 
pendicular condition and theoretically “cocks” 
the head in this position. 

5. Then, when the “cocked” head, with its 
stored energy derived from the cleaved ATP, 
binds with a new active site on the actin fila¬ 
ment, it becomes uncocked and once again pro¬ 
vides the power stroke. 

6. Thus, the process proceeds again and 
again until the actin filament pulls the Z mem¬ 
brane up against the ends of the myosin fila¬ 
ments or until the load on the muscle becomes 
too great for further pulling to occur. 

RELATIONSHIP BETWEEN ACTIN 
AND MYOSIN FILAMENT OVERLAP 
AND TENSION DEVELOPED BY THE 
CONTRACTING MUSCLE 

Figure 2-9 illustrates the relationship be¬ 
tween the length of sarcomere and the tension 
developed by the contracting muscle fiber. To 
the right are illustrated different degrees of 
overlap of the myosin and actin filaments at dif¬ 
ferent sarcomere lengths. At point D on the 
diagram, the actin filament has pulled all the 
way out to the end of the myosin filament with 
no overlap at all. At this point, the tension de¬ 
veloped by the activated muscle is zero. Then 
as the sarcomere shortens and the actin filament 
overlaps the myosin filament progressively 
more and more, the tension increases progres¬ 
sively until the sarcomere length decreases to 
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LENGTH OF SARCOMERE (microns) 

Figure 2-9. Length-tension diagram for a single sar¬ 
comere, illustrating maximum strength of contraction 
when the sarcomere is 2.0 to 2.2 microns in length. At the 
upper right are shown the relative positions of the actin 
and myosin filaments at different sarcomere lengths from 
point A to point D. (Modified from Gordon, Huxley, and 
Julian: /. Physiol., 171:28P, 1964.) 


about 2.2 microns. At this point the actin fila¬ 
ment has already overlapped all the cross¬ 
bridges of the myosin filament but has not yet 
reached the center of the myosin filament. 
Upon further shortening, the sarcomere main¬ 
tains full tension until point B at a sarcomere 
length of approximately 2.0 microns. It is at this 
point that the ends of the two actin filaments 
begin to overlap. As the sarcomere length falls 
from 2 microns down to about 1.65 microns at 
point A, the strength of contraction decreases. 
It is at this point that the two Z membranes of 
the sarcomere abut the ends of the myosin fila¬ 
ments. Then, as contraction proceeds to still 
shorter sarcomere lengths, the ends of the 
myosin filaments are actually crumpled, but, as 
illustrated in Figure 2-9, the strength of con¬ 
traction also decreases precipitously. 

This diagram illustrates that maximum con¬ 
traction occurs when there is maximum overlap 
between the actin filaments and the cross¬ 
bridges of the myosin filaments, and it supports 
the idea that the greater the number of cross¬ 
bridges pulling the actin filaments, the greater is 
the strength of contraction. 

Relation of Force of Contraction of the In¬ 
tact Muscle to Muscle Length. Figure 2-10 
illustrates a diagram similar to that in Figure 
2-9, but this time for the intact whole muscle 
rather than for the isolated muscle fiber. The 
whole muscle has a large amount of connective 
tissue in it; also the sarcomeres in different 
parts of the muscle do not necessarily contract 
exactly in unison. Therefore, the curve has 


somewhat different dimensions from those il¬ 
lustrated for the individual muscle fiber, but it 
nevertheless exhibits the same form. 

Note in Figure 2-10 that when the muscle is 
at its normal resting stretched length and is then 
activated, it contracts with maximum force of 
contraction. If the muscle is stretched to much 
greater than normal length prior to contraction, 
a large amount of resting tension develops in 
the muscle even before contraction takes place; 
that is, the two ends of the muscle are pulled 
toward each other by the elastic forces of the 
connective tissue, of the sarcolemma, the blood 
vessels, the nerves, and so forth. However, the 
increase in tension during contraction, called 
active tension, decreases as the muscle is 
stretched beyond its normal length. 

Note also in Figure 2-10 that when the rest¬ 
ing muscle is shortened to less than its normal 
fully stretched length, the maximum tension of 
contraction decreases progressively and 
reaches zero when the muscle has shortened to 
approximately 60 to 70 per cent of its maximum 
resting length. 

RELATION OF VELOCITY OF 
CONTRACTION TO LOAD 

A muscle contracts extremely rapidly when it 
contracts against no load—-to a state of full con¬ 
traction in approximately V 20 second for the av¬ 
erage muscle. However, when loads are 
applied, the velocity of contraction becomes 
progressively less as the load increases, as illus¬ 
trated in Figure 2-11. When the load increases 



Figure 2-10. Relation of muscle length to force of con¬ 
traction. 
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Figure 2-11. Relation of load to velocity of contraction 
in a skeletal muscle 8 cm. long. 


to equal the maximum force that the muscle can 
exert, then the velocity of contraction becomes 
zero, and no contraction at all results, despite 
activation of the muscle fiber. 

This decreasing velocity seems to be caused 
mainly by the fact that a load on a contracting 
muscle is a reverse force that opposes the con¬ 
tractile force caused by muscle contraction. 
Therefore, the net force that is available to 
cause velocity of shortening is correspondingly 
reduced. 


INITIATION OF MUSCLE 
CONTRACTION: EXCITATION- 
CONTRACTION COUPLING 

THE MUSCLE ACTION POTENTIAL 

Initiation of contraction in skeletal muscle 
begins with action potentials in the muscle 
fibers. These elicit electrical currents that 
spread to the interior of the fiber where they 
cause release of calcium ions from the sarco¬ 
plasmic reticulum. It is the calcium ions that in 
turn initiate the chemical events of the contrac¬ 
tile process. 

Almost everything discussed in Chapter 1 
regarding initiation and conduction of action 
potentials in nerve fibers applies equally well to 
skeletal muscle fibers, except for quantitative 
differences. Some of the quantitative aspects of 
muscle potentials are the following: 

1. Resting membrane potential: Approxi¬ 
mately -85 millivolts in skeletal muscle 
fibers—the same as in large myelinated nerve 
fibers of the type that excite skeletal muscle. 


2. Duration of action potential: 1 to 5 mil¬ 
liseconds in skeletal muscle—about five times 
as long as in large myelinated nerves. 

3. Velocity of conduction: 3 to 5 meters per 
second—about Vis the velocity of conduction in 
the large myelinated nerve fibers that excite 
skeletal muscle. 

Excitation of Skeletal Muscle Fibers by 
Nerves. In normal function of the body, 
skeletal muscle fibers are excited by large 
myelinated nerve fibers. These attach to the 
skeletal muscle fibers at the neuromuscular 
junction, which will be discussed in detail in the 
following chapter. Except for 2 per cent of the 
muscle fibers, there is only one neuromuscular 
junction to each muscle fiber; this junction is 
located near the middle of the fiber. Therefore, 
the action potential spreads from the middle of 
the fiber toward its two ends. This spreading is 
important because it allows nearly coincident 
contraction of all sarcomeres of the muscle so 
that they can all contract together rather than 
separately. 

SPREAD OF THE ACTION POTENTIAL 
THROUGH THE T-TUBULE SYSTEM 

Not only does the action potential spread 
along the muscle fiber membrane but it also 
spreads through the T tubule system of the 
muscle fiber. As discussed earlier, the T tubules 
are a system of transverse tubules that inter¬ 
connect with each other and spread all the way 
through the muscle fiber. A whole plane of such 
tubules spreads crosswise through the skeletal 
muscle fiber at two points in each sarcomere: 
the two points where the actin and myosin fila¬ 
ments overlap. It is at these points where the 
excitation activates the contractile process, for 
reasons that have been discussed in the past few 
pages. 

Figure 2-12 illustrates the spread of the ac¬ 
tion potential in the form of local circuits of 
current, as illustrated by the dashed arrows 
along the sarcolemma and also into the T tubule 
system. Note that a local circuit of current also 
flows around each one of the T tubules. Though 
the T tubules are only 300 Angstroms in diame¬ 
ter, the extensiveness of the T tubule system in 
each half of the sarcomere allows tremendous 
flow of electrical current between each T tubule 
and the fluid in the substance of the muscle 
fiber. Remember that the fluid in the T tubule 
system is extracellular fluid that is continuous 
with the outside of the muscle fiber. 

There is only one significant difference be- 
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Figure 2-12, Excitation-contraction coupling in the muscle, showing an action potential that causes release of calcium 
ions from the sarcoplasmic reticulum and then re-uptake of the calcium ions by a calcium pump. 


tween the action potential that spreads through 
the T tubule system and that which spreads 
along the sarcolemma: the T tubule action po¬ 
tential spreads at a velocity of only 7 to 10 cen¬ 
timeters per second, which is about V50 the ve¬ 
locity along the sarcolemma. Even so, the 
transverse distance across a muscle fiber is ex¬ 
tremely slight, so that the action potential still 
reaches the deep recesses of the muscle fiber 
within less than 1 millisecond. 

RELEASE OF CALCIUM IONS BY THE 
CISTERNAE OF THE SARCOPLASMIC 
RETICULUM 

Figure 2-12 shows that the action potential 
of the T tubule causes current flow through the 
cisternae of the sarcoplasmic reticulum. In 
some way not yet known, this causes the cis¬ 
ternae to release calcium ions into the surround¬ 
ing sarcoplasmic fluid. Where the cisternae abut 
the T tubule, they project junctional feet to¬ 
ward the tubule; these structures surround the 
tubule, presumably facilitating the passage of 
electrical current from the T tubule into the cis¬ 
ternae. The electrical circuit is then completed 
by passage of current outward through the lat¬ 
eral sides of the cisternae and thence back into 
the T tubule system, as illustrated by the 
dashed arrows in the figure. The current flow 
through the walls of the cisternae is postulated 
to be the stimulus that causes release of calcium 
ions from the cisternae. 

The calcium ions that are thus released from 
the cisternae diffuse to the adjacent myofibrils 


where they bind strongly with troponin, as dis¬ 
cussed in an earlier section, and this in turn 
supposedly elicits the muscle contraction, as 
has also been discussed. However, the calcium 
ions also bind less strongly with the myosin 
filaments, which could theoretically be another 
factor in initiating contraction. 

The Calcium Pump for Removing Calcium 
Ions from the Sarcoplasmic Fluid. Once the 
calcium ions have been released from the cis¬ 
ternae and have diffused to the myofibrils, mus¬ 
cle contraction will then continue as long as the 
calcium ions are still present in high concentra¬ 
tion in the sarcoplasmic fluid. However, a con¬ 
tinually active calcium pump located in the 
walls of the longitudinal tubules of the sarco¬ 
plasmic reticulum pumps calcium ions out of 
the sarcoplasmic fluid back into the vesicular 
cavities of the longitudinal tubules. This pump 
can concentrate the calcium ions about 2000- 
fold inside the tubules, a condition which allows 
massive buildup of calcium in the sarcoplasmic 
reticulum and also causes almost total depletion 
of calcium ions in the fluid of the myofibrils. 
Therefore, except immediately after an action 
potential, the calcium ion concentration in the 
myofibrils is kept at an extremely low level. 

The Excitatory “Pulse” of Calcium Ions. 
The normal concentration (less than 10“^ molar) 
of calcium ions in the sarcoplasm that bathes 
the myofibrils is too little to elicit contraction. 
Therefore, in the resting state, the troponin- 
tropomyosin complex keeps the actin filaments 
inhibited and maintains a relaxed state of the 
muscle. 
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On the other hand, full excitation of the T 
tubule-sarcoplasmic reticulum system causes 
enough release of calcium ions to increase the 
concentration in the myofibrillar fluid to as high 
as 2 X lO""* molar concentration, which will 
cause maximum muscle contraction. Im¬ 
mediately thereafter, the calcium pump de¬ 
pletes the calcium ions again. The total duration 
of this calcium “pulse” in the usual skeletal 
muscle fiber lasts about V 50 of a second, though 
it may last several times as long as this in some 
skeletal muscle fibers and be several times shor¬ 
ter in others (in heart muscle the pulse lasts for 
as long as 0.3 second). It is during this calcium 
pulse that muscle contraction occurs. If the 
contraction is to continue without interruption 
for longer intervals, a series of such pulses must 
be initiated by a continuous series of repetitive 
action potentials, as will be discussed in more 
detail later in the chapter. 


THE SOURCE OF ENERGY 
FOR MUSCLE CONTRACTION 

We have already seen that muscle contrac¬ 
tion is dependent upon energy supplied by 
ATP. Most of this energy is required to actuate 
the ratchet mechanism by which the cross¬ 
bridges pull the actin filaments, but small 
amounts are required for ( 1 ) pumping calcium 
from the sarcoplasm into the sarcoplasmic re¬ 
ticulum, and ( 2 ) pumping sodium and potassium 
ions through the muscle fiber membrane to 
maintain an appropriate ionic environment for 
the propagation of action potentials. 

However, the amount of ATP that is present 
in the muscle fiber is sufficient to maintain full 
contraction for less than 1 second. Fortunately, 
after the ATP is broken into ADP, as was de¬ 
scribed in Chapter 2, the ATP is rephosphory- 
lated to form new ATP within a fraction of a 
second. There are several sources of the energy 
required for this rephosphorylation: 

The first source of energy that is used to re¬ 
constitute the ATP is the substance creatine 
phosphate, which carries a high energy phos¬ 
phate bond similar to those of ATP. The high 
energy phosphate bond of the creatine phos¬ 
phate is cleaved and the released energy causes 
bonding of a new phosphate ion to ADP to re¬ 
constitute the ATP. However, the total amount 
of creatine phosphate is also very little—only 
about five times as great as the ATP. Therefore, 
the combined energy of both the stored ATP 
and the creatine phosphate in the muscle is still 


capable of causing maximal muscle contraction 
for no longer than a few seconds. 

The next source of energy used to reconsti¬ 
tute both the creatine phosphate and the ATP is 
energy released from the foodstuffs—^from car¬ 
bohydrates, fats, and proteins. Most of this 
energy is released in the course of oxidation of 
these foodstuffs. This oxidative release of 
energy takes place almost entirely in the 
mitochondria, which utilize the released energy 
to form new ATP. The ATP, in turn, provides 
the energy needed to re-form creatine phos¬ 
phate. Thus, the ultimate source of energy for 
muscle contraction is the basic food substances 
and oxygen. ^ 

Relation of Muscle Energy Expenditure to 
Work Performed—the “Fenn” Effect. The 

shortening process of muscles can lift objects or 
move objects against force and thereby perform 
work. The amounts of oxygen and other nu¬ 
trients consumed by the muscle increase greatly 
when the muscle performs work rather than 
simply contracting without causing work. This 
is called the “Fenn” effect. Though this seems 
to be an obvious effect that one would expect, 
nevertheless, the chemical basis for it has not 
been discovered. In some way the contraction 
of a muscle against a load causes the rate of 
breakdown of ATP to ADP to increase. This 
possibly results from the fact that increased 
numbers of reactive sites and cross-bridges 
must be activated to overcome the load. 

Efficiency of Muscle Contraction. The “effi¬ 
ciency” of an engine or a motor is calculated as the 
percentage of energy input that is converted into 
work instead of heat. The percentage of the input 
energy to a muscle (the chemical energy in the nu¬ 
trients) that can be converted into work is less than 
20 to 25 per cent, the remainder becoming heat. 
Maximum efficiency can be realized only when the 
muscle contracts at a moderate velocity. If the mus¬ 
cle contracts very slowly, large amounts of mainte¬ 
nance heat are released during the process of con¬ 
traction, thereby decreasing the efficiency. On the 
other hand, if contraction is too rapid, large propor¬ 
tions of the energy are used to overcome the viscous 
friction within the muscle itself, and this, too, re¬ 
duces the efficiency of contraction. Ordinarily, 
maximum efficiency is developed when the velocity 
of contraction is about 30 per cent of maximum. 


CHARACTERISTICS OF A 
SINGLE MUSCLE TWITCH 

Many features of muscle contraction can be espe¬ 
cially well demonstrated by eliciting single muscle 
twitches. This can be accomplished by instantane- 
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ously exciting the nerve to a muscle or by passing a 
short electrical stimulus through the muscle itself, 
giving rise to a single, sudden contraction lasting for 
a fraction of a second. 

Isometric versus Isotonic Contraction. Muscle 
contraction is said to be isometric when the muscle 
does not shorten during contraction and isotonic 
when it shortens but the tension on the muscle re¬ 
mains constant. Systems for recording the two types 
of muscle contraction are illustrated in Figure 2-13. * 

To the right is the isometric system in which the 
muscle is suspended between a solid rod and a lever 
of an electronic force transducer. This transducer re¬ 
cords force with almost zero movement of the lever; 
therefore, in effect, the muscle is bound between 
fixed points so that it cannot contract significantly. 
To the left is shown an isotonic recording system: the 
muscle simply lifts a pan of weights so that the force 
against which the muscle contracts remains constant, 
though the length of the muscle changes considera¬ 
bly. 

There are several basic differences between 
isometric and isotonic contractions. First, isometric 
contraction does not require sliding of myofibrils 
among each other. Second, in isotonic contraction a 
load is moved, which involves the phenomenon of 
inertia. That is, the weight or other type of object 
being moved must first be accelerated, and once a 
velocity has been attained the load has momentum 
that causes it to continue moving even after the con¬ 
traction is over. Therefore an isotonic contraction is 
likely to last considerably longer than an isometric 
contraction of the same muscle. Third, isotonic con¬ 
traction entails the performance of external work. 
Therefore, in accordance with the Fenn effect dis¬ 
cussed previously, a greater amount of energy is 
used by the muscle. 

In comparing the rapidity of contraction of differ¬ 
ent types of muscle, isometric recordings such as 
those illustrated in Figure 2-14 are usually used in¬ 
stead of isotonic recordings because the duration of 
an isotonic recording is almost as dependent on the 
inertia of the recording system as upon the contrac¬ 
tion itself, and this makes it difficult to compare time 
relationships of contractions from one muscle to 
another. 

Muscles can contract both isometrically and iso- 



Figure 2-13. Isotonic and isometric recording systems. 


tonically in the body, but most contractions are actu¬ 
ally a mixture of the two. When a person stands, he 
tenses his quadriceps muscles to tighten the knee 
joints and to keep the legs stiff. This is isometric 
contraction. On the other hand, when a person lifts a 
weight using his biceps, this is mainly an isotonic 
contraction. Finally, contractions of leg muscles dur¬ 
ing running are a mixture of isometric and isotonic 
contractions—isometric mainly to keep the limbs 
stiff when the legs hit the ground and isotonic mainly 
to move the limbs. 

The Series Elastic Component of Muscle Contrac¬ 
tion. When muscle fibers contract against a load, 
those portions of the muscle that do not contract— 
the tendons, the sarcolemmal ends of the muscle 
fibers where they attach to the tendons, and perhaps 
even the hinged arms of the cross-bridges—will 
stretch slightly as the tension increases. Con¬ 
sequently, the muscle must shorten an extra 3 to 5 
per cent to make up for the stretch of these elements. 
The elements of the muscle that stretch during con¬ 
traction are called the series elastic component of the 
muscle. 

Characteristics of Isometric Twitches Recorded 
from Different Muscles. The body has many dif¬ 
ferent sizes of skeletal muscles—^from the very small 
stapedius muscle of only a few millimeters length and 
a millimeter or so in diameter up to the very large 
quadriceps muscle. Furthermore, the fibers may be 
as small as 10 microns in diameter or as large as 80 
microns. And, finally, the energetics of muscle con¬ 
traction vary considerably from one muscle to 
another. These different physical and chemical 
characteristics often manifest themselves in the form 
of different characteristics of contraction, some 
muscles contracting rapidly while others contract 
slowly. 

Fast versus Slow Muscle. Figure 2-14 illus¬ 
trates isometric contractions of three different types 
of skeletal muscles: an ocular muscle, which has a 
duration of contraction of less than Vioo second; the 
gastrocnemius muscle, which has a duration of con¬ 
traction of about V 30 second; and the soleus muscle, 
which has a duration of contraction of about Vio sec¬ 
ond. It is interesting that these durations of contrac¬ 
tion are adapted to the function of each of the respec¬ 
tive muscles, for ocular movements must be ex¬ 
tremely rapid to maintain fixation of the eyes upon 
specific objects, the gastrocnemius muscle must con¬ 
tract moderately rapidly to provide sufficient veloc¬ 
ity of limb movement for running and jumping, while 
the soleus muscle is concerned principally with slow 
reactions for continual support of the body against 
gravity. 

Thus, there is a wide range of gradations from fast 
to slow muscles. In general, the slow muscles are 
used more for prolonged performance of work. Their 
muscle fibers generally are smaller, are surrounded 
by more blood capillaries, and have far more 
mitochondria than the fast muscles. They also have a 
large amount of myoglobin in the sarcoplasm (myo¬ 
globin is a substance similar to the hemoglobin in red 
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Figure 2-14. Duration of isometric contractions of dif¬ 
ferent types of mammalian muscles, showing also a latent 
period between the action potential and muscle contrac¬ 
tion. 


blood cells and can combine with oxygen and store 
this oxygen inside the muscle cell until it is needed by 
the mitochondria). On the other hand, the fast mus¬ 
cles generally have a much more extensive sarco¬ 
plasmic reticulum, which allows very rapid release of 
calcium ions and then rapid re-uptake of the calcium 
ions so that the contraction can be rapid. The slow 
muscle is frequently called red muscle because of the 
reddish tint caused by the myoglobin as well as by 
the large amount of red blood cells in the capillaries; 
the fast muscle is called white muscle because of a 
whitish appearance caused by lack of these elements. 


CONTRACTION OF 
SKELETAL MUSCLE IN 
THE BODY 

THE MOTOR UNIT 

Each motor neuron that leaves the spinal 
cord usually innervates many different muscle 
fibers, the number depending on the type of 
muscle. All the muscle fibers innervated by a 
single motor nerve fiber are called a motor unit. 
In general, small muscles that react rapidly and 
whose control is exact have few muscle fibers 
(as few as 2 to 3 in some of the laryngeal mus¬ 
cles) in each motor unit and have a large 
number of nerve fibers going to each muscle. 
On the other hand, the large muscles which do 
not require a very fine degree of control, such 
as the gastrocnemius muscle, may have as 
many as 1000 muscle fibers in each motor unit. 
An average figure for all the muscles of the 
body can be considered to be about 180 muscle 
fibers to the motor unit. 

Usually muscle fibers of adjacent motor units 


overlap, with small bundles of 10 to 15 fibers 
from one motor unit lying among similar bun¬ 
dles of the second motor unit. This interdigita- 
tion allows the separate motor units to contract 
in support of each other rather than entirely as 
individual segments. 

Macromotor Units. Loss of some of the 
nerve fibers to a muscle belly causes the re¬ 
maining nerve fibers to sprout forth and inner¬ 
vate many of the paralyzed muscle fibers. When 
this occurs, such as following poliomyelitis, one 
occasionally develops macromotor units, which 
can contain as many as 5 times the normal 
number of muscle fibers. This obviously de¬ 
creases the degree of control that one has over 
his muscles, but, nevertheless, allows the mus¬ 
cle to regain function. 

SUMMATION OF MUSCLE 
CONTRACTION 

Summation means the adding together of in¬ 
dividual muscle twitches to make strong and 
concerted muscle movements. In general, 
summation occurs in two different ways: (1) by 
increasing the number of motor units contract¬ 
ing simultaneously and (2) by increasing the 
rapidity of contraction of individual motor 
units. These are called, respectively, multiple 
motor unit summation and wave summation (or 
spatial summation and temporal summation). 

Multiple Motor Unit Summation. Figure 
2-15 illustrates multiple motor unit summa¬ 
tion, showing that the force of contraction in¬ 
creases progressively as the number of con¬ 
tracting motor units increases from 1 to 8. 

Even within a single muscle, the numbers of 
muscle fibers and their sizes in the different 
motor units vary tremendously, so that one 
motor unit may be as much as 50 times as strong 
as another. The smaller motor units are far 
more easily excited than are the larger ones be- 



NUMBER OF MOTOR UNITS CONTRACTING 
Figure 2-15. Multiple motor unit summation. 
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cause they are innervated by smaller nerve 
fibers whose cell bodies in the spinal cord have 
a naturally high level of excitability. This effect 
causes the gradations of muscle strength during 
weak muscle contraction to occur in very small 
steps, while the steps become progressively 
greater as the intensity of contraction increases. 

Wave Summation. Figure 2-16 illustrates 
the principles of wave summation, showing in 
the lower left-hand corner a single muscle 
twitch followed by successive muscle twitches 
at various frequencies. When the frequency of 
twitches is 10 per second, the first muscle 
twitch is not completely over by the time the 
second one begins. Therefore, since the muscle 
is already in a partially contracted state when 
the second twitch begins, the degree of muscle 
shortening this time is slightly greater than that 
which occurs with the single muscle twitch. The 
third, fourth, and additional twitches add still 
more shortening. 

At more rapid rates of contraction, the degree 
of summation of successive contractions be¬ 
comes greater and greater, because the succes¬ 
sive contractions appear at earlier times follow¬ 
ing the preceding contraction. 

Tetanization. When a muscle is stimulated at 
progressively greater frequencies, a frequency 
is finally reached at which the successive con¬ 
tractions fuse together and cannot be distin¬ 
guished one from the other. This state is called 
tetanization, and the lowest frequency at which 
it occurs is called the critical frequency. 


100/sec. 



Figure 2-16. Wave summation and tetanization. 


Tetanization results partly from the viscous 
properties of the muscle and partly from the 
nature of the contractile process itself. The 
muscle fibers are filled with sarcoplasm, which 
is a viscous fluid, and the fibers are encased in 
fasciae and muscle sheaths that have a viscous 
resistance to change in length. Therefore, un¬ 
doubtedly these viscous factors play a role in 
causing the successive contractions to fuse with 
each other. 

But in addition to the viscous property of 
muscle, the activation process itself lasts for a 
definite period of time, and successive pulsatile 
states of activation of the muscle fiber can 
occur so rapidly that they fuse into a long con¬ 
tinual state of activation; that is, free calcium 
ions persist continuously in the myofibrils and 
provide an uninterrupted stimulus for mainte¬ 
nance of contraction. Once the critical fre¬ 
quency for tetanization is reached, further in¬ 
crease in rate of stimulation increases the force 
of contraction only a few more per cent, as 
shown in Figure 2-16. 

Asynchronous Summation of Motor 
Units. Actually it is rare for either multiple 
motor unit summation or wave summation to 
occur separately from each other in normal 
muscle function. Instead, special neurogenic 
mechanisms in the spinal cord normally in¬ 
crease both the impulse rate and the number of 
motor units firing at the same time. If a motor 
unit fires at all, it usually fires at least five times 
per second, but this can increase to as high as 
50 per second for most muscles or much more 
than this for the very fast muscles—to frequen¬ 
cies sufficient to cause complete tetanization. 

Yet, even when tetanization of individual 
motor units of a muscle is not occurring, the 
tension exerted by the whole muscle is still con¬ 
tinuous and nonjerky because the different 
motor units fire asynchronously; that is, while 
one is contracting another is relaxing; then 
another fires, followed by still another, and so 
forth. Consequently, even when motor units 
fire as infrequently as five times per second, the 
muscle contraction, though weak, is neverthe¬ 
less very smooth. 

Maximum Strength of Contraction. The max¬ 
imum strength of tetanic contraction of a muscle 
operating at a normal muscle length is about 3.5 
kilograms per square centimeter of muscle, or 50 
pounds per square inch. Since a quadriceps muscle 
can at times have as much as 16 square inches of 
muscle belly, as much as 800 pounds of tension may 
at times be applied to the patellar tendon. One can 
readily understand, therefore, how it is possible for 
muscles sometimes to pull their tendons out of the 
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insertions in bones. This often occurs where the 
patellar tendon inserts in the tibia, and it occurs even 
more frequently where the Achilles tendon of the 
gastrocnemius muscle inserts at the heel. 

Changes in Muscle Strength at the Onset of 
Contraction—The Staircase Effect (Treppe). 
When a muscle begins to contract after a long period 
of rest, its initial strength of contraction may be as 
little as one-half its strength 30 to 50 muscle twitches 
later. That is, the strength of contraction increases to 
a plateau, a phenomenon called the staircase effect 
or treppe. This phenomenon has interested 
physiologists greatly because it gives possible in¬ 
sights into the mechanism of muscle contraction. 

Though all the possible causes of the staircase ef¬ 
fect are not yet known, it is believed to be caused 
primarily by electrolyte changes that occur when a 
series of contractions begins. For instance, there is a 
net increase in calcium ions inside the muscle fiber 
because of movement of calcium ions inward through 
the membrane with each action potential. There is 
probably also further increase of calcium ions in the 
sarcoplasm because of release of these ions from the 
sarcoplasmic reticulum and failure to recapture the 
ions immediately. In addition, there is decreased 
potassium inside the cell as well as increased sodium; 
it has been suggested that the changes in these two 
ions increase the rate of liberation of calcium ions 
from the sarcoplasmic reticulum. Recalling the ear¬ 
lier discussion of the relationship of calcium ions to 
the contractile process, one can readily understand 
that progressive increase in calcium ion concentra¬ 
tion in the sarcoplasm, caused either directly or as a 
consequence of sodium and potassium movement, 
could progressively increase the strength of muscle 
contraction, giving rise to the staircase effect. 

SKELETAL MUSCLE TONE 

Even when muscles are at rest, a certain amount of 
tautness usually remains. This residual degree of 
contraction in skeletal muscle is called muscle tone. 
Since skeletal muscle fibers do not contract without 
an actual action potential to stimulate the fibers ex¬ 
cept in certain pathological conditions, it is believed 
that skeletal muscle tone results entirely from nerve 
impulses coming from the spinal cord. These in turn 
are controlled partly by impulses transmitted from 
the brain to the appropriate anterior motor neurons 
and partly by impulses that originate in muscle spin¬ 
dles located in the muscle itself. 

Muscle spindles are sensory receptors that exist 
throughout essentially all skeletal muscles to detect 
the degree of muscle contraction. These will be dis¬ 
cussed in detail in Chapter 9, but, briefiy, they 
transmit impulses almost continually through the 
posterior roots into the spinal cord, where they ex¬ 
cite the anterior motor neurons, which in turn pro¬ 
vide the necessary nerve stimuli for muscle tone. 
Simply cutting the posterior roots, thereby blocking 
the muscle spindle impulses, usually reduces muscle 


tone to such a low level that the muscle becomes 
almost completely flaccid. 

Many other neurogenic factors, originating espe¬ 
cially in the brain, enter into the control of muscle 
tone. These will be discussed in detail in relation to 
muscle spindle and spinal cord function in Chapter 
9. 

MUSCLE FATIGUE 

Prolonged and strong contraction of a muscle leads 
to the well-known state of muscle fatigue. This re¬ 
sults simply from inability of the contractile and 
metabolic processes of the muscle fibers to continue 
supplying the same work output. The nerve con¬ 
tinues to function properly, the nerve impulses pass 
normally through the neuromuscular junction into 
the muscle fiber, and even normal action potentials 
spread over the muscle fibers, but the contraction 
becomes weaker and weaker because of depletion of 
ATP in the muscle fibers themselves. 

Interruption of blood flow through a contracting 
muscle leads to almost complete muscle fatigue in a 
minute or more because of the obvious loss of nu¬ 
trient supply. 

THE LEVER SYSTEMS OF THE BODY 

Muscles obviously operate by applying tension to 
their points of insertion into bones, and the bones in 
turn form various types of lever systems. Figure 
2-17 illustrates the lever system activated by the 
biceps muscle to lift the forearm. If we assume that a 
large biceps muscle has a cross-sectional area of 6 
square inches, then the maximum force of contrac¬ 
tion would be about 300 pounds. When the forearm is 
exactly at right angles with the upper arm, the tendon 
attachment of the biceps is about 2 inches anterior to 
the fulcrum at the elbow, and the total length of the 
forearm lever is about 14 inches. Therefore, the 
amount of lifting power that the biceps would have at 
the hand would be only one seventh of the 300 
pounds force, or about 43 pounds. When the arm is in 
the fully extended position the attachment of the 
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biceps is much less than 2 inches anterior to the ful¬ 
crum, and the force with which the forearm can be 
brought forward is much less than 43 pounds. 

In short, an analysis of the lever systems of the 
body depends on (a) a discrete knowledge of the 
point of muscle insertion and (b) its distance from the 
fulcrum of the lever, as well as (c) the length of the 
lever arm and (d) the position of the lever. Obvious¬ 
ly, many different types of movement are required in 
the body, some of which need great strength and 
others large distances of movement. For this reason 
there are all varieties of muscles; some are long and 
contract a long distance and some are short but have 
large cross-sectional areas and therefore can provide 
extreme strengths of contraction over short dis¬ 
tances. The study of different types of muscles, lever 
systems, and their movements is called kinesiology 
and is a very important phase of human phys- 
ioanatomy. 

Accommodation of Muscle Length to the Length 
of the Lever System. If a bone is broken and then 
heals in a shortened state, the force of contraction of 
the muscles lying along this broken bone would ob¬ 
viously become decreased because of the shortened 
lengths of muscles. However, muscles shortened in 
this manner undergo physical shortening during the 
next few weeks. That is, the muscle fibers actually 
shorten and re-establish new muscle lengths approx¬ 
imately equal to the maximum length of the lever 
system itself, thus re-establishing optimum force of 
contraction by the muscles. 

The same shortening process also occurs in mus¬ 
cles of limbs immobilized for several weeks in casts if 
the muscles during this time are in a shortened posi¬ 
tion. When the cast is removed, the muscles must 
often be restretched over a period of weeks before 
full mobility is restored. 


SPECIAL FEATURES AND 
ABNORMALITIES OF SKELETAL 
MUSCLE FUNCTION 

MUSCULAR HYPERTROPHY 

Forceful muscular activity causes the muscle size 
to increase, a phenomenon called hypertrophy. The 
diameters of the individual muscle fibers increase, 
and the fibers gain in total numbers of myofibrils as 
well as in various nutrient and intermediary 
metabolic substances, such as adenosine triphos¬ 
phate, phosphocreatine, glycogen, and so forth. 
Briefly, muscular hypertrophy increases both the 
motive power of the muscle and the nutrient mech¬ 
anisms for maintaining increased motive power. 

Weak muscular activity, even when sustained over 
long periods of time, does not result in significant 
hypertrophy. Instead, hypertrophy results mainly 
from very forceful muscle activity, though the activ¬ 
ity might occur for only a few minutes each day. For 


this reason, strength can be developed in muscles 
much more rapidly when “resistive” or “isometric” 
exercise is used rather than simply prolonged mild 
exercise. Indeed, essentially no new myofibrils de¬ 
velop unless the muscle contracts to at least 75 per 
cent of its maximum tension. 

MUSCULAR ATROPHY 

Muscular atrophy is the reverse of muscular 
hypertrophy; it results any time a muscle is not used 
or even when a muscle is used only for very weak 
contractions. Atrophy is particularly likely to occur 
when limbs are placed in casts, thereby preventing 
muscular contraction. As little as one to two months 
of disuse can sometimes decrease the muscle size to 
one-half normal. 

Atrophy Caused by Muscle Denervation. When 
a muscle is denervated it immediately begins to at¬ 
rophy, and the muscle continues to decrease in size 
for several years. If the muscle becomes re¬ 
innervated during the first three to four months, full 
function of the muscle usually returns, but after four 
months of denervation some of the muscle fibers 
usually will have degenerated. Re-innervation after 
two years rarely results in return of any function at 
all. Pathological studies show that the muscle fibers 
have by that time been replaced by fat and fibrous 
tissue. 

Prevention of Muscle Atrophy by Electrical Stimula¬ 
tion. Strong electrical stimulation of denervated 
muscles, particularly when the resulting contractions 
occur against loads, will delay and in some instances 
prevent muscle atrophy despite denervation. This 
procedure is used to keep muscles alive until re¬ 
innervation can take place. 

Physical Contracture of Muscle Following Denerva¬ 
tion. When a muscle is denervated, its fibers tend 
to shorten if the muscle is kept in a shortened posi¬ 
tion, and even the associated nerves and fasciae 
shorten. All this is a natural characteristic of protein 
fibers called “creep.” That is, unless continual 
movement keeps stretching the muscle and other 
structures, they will creep toward a shortened 
length. This is one of the most difficult problems in 
the treatment of patients with denervated muscles, 
such as occur in poliomyelitis or nerve trauma. Un¬ 
less passive stretching is applied daily to the mus¬ 
cles, they may become so shortened that even when 
re-innervated they will be of little value. But, more 
important, the shortening can often result in ex¬ 
tremely contorted positions of different parts of the 
body. 

RIGOR MORTIS 

Several hours after death all the muscles of the 
body go into a state of contracture called rigor mor¬ 
tis; that is, the muscle contracts and becomes rigid 
even without action potentials. It is believed that this 
rigidity is caused by loss of all the ATP, which is 
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required to cause separation of the cross-bridges 
from the actin filaments during the relaxation pro¬ 
cess. The muscles remain in rigor until the muscle 
proteins are destroyed, which usually results from 
autolysis caused by enzymes released from the lyso- 
somes some 15 to 25 hours later. 


FAMILIAL PERIODIC PARALYSIS 

Occasionally, a hereditary disease called familial 
periodic paralysis occurs. In persons so afflicted, the 
extracellular fluid potassium concentration periodi¬ 
cally falls to very low levels, causing various degrees 
of paralysis. The paralysis is caused in the following 
manner: A great decrease in extracellular fluid potas¬ 
sium increases the muscle fiber membrane potential 
to a very high value. This results in strong hyper- 
polarization of the membrane (a membrane potential 
more negative than the normal -85 millivolts) mak¬ 
ing the fiber almost totally inexcitable; that is, the 
membrane potential is so high that the normal 
stimulus at the neuromuscular junction is incapable 
of exciting the fiber. 

THE ELECTROMYOGRAM 

Each time an action potential passes along a mus¬ 
cle fiber a small portion of the electrical current 
spreads away from the muscle as far as the skin. If 
many muscle fibers contract simultaneously, the 
summated electrical potentials at the skin may be 
very great. By placing two electrodes on the skin or 
inserting needle electrodes into the muscle, an elec¬ 
trical recording called the electromyogram can be 
made when the muscle is stimulated. Figure 2-18 
illustrates a typical electromyographic recording 
from the gastrocnemius muscle during a moderate 
contraction. Electromyograms are frequently used 
clinically to discern abnormalities of muscle excita¬ 
tion. Two such abnormalities are musoXt fascicula- 
tion and fibrillation. 

Muscle Fasciculation. When an abnormal im¬ 
pulse occurs in a motor nerve fiber its whole motor 
unit contracts. This often causes sufficient contrac¬ 
tion in the muscle that one can see a slight ripple in 
the skin over the muscle. This process is called fas¬ 
ciculation. 

Fasciculation occurs especially following destruc¬ 
tion of anterior motor neurons in poliomyelitis or fol- 



Controction 

Figure 2-18. Electromyogram recorded during contrac¬ 
tion of the gastrocnemius muscle. 


lowing traumatic interruption of a nerve. As the 
peripheral nerve fibers die, spontaneous impulses are 
generated during the first few days, and fasciculatory 
muscle movements result in the muscle. Typical 
electromyographic records of weak periodic poten¬ 
tials can be obtained from the skin overlying the 
muscle. 

Muscle Fibrillation. After all nerves to a muscle 
have been destroyed and the nerve fibers themselves 
have become nonfunctional, which requires three to 
five days, spontaneous impulses begin to appear in 
the denervated muscle fibers. At first, these occur at 
a rate of once every few seconds, but, after a few 
more days or a few weeks, the impulses become as 
rapid as 3 to 10 times per second. Thus, skeletal 
muscle fibers, when released from innervation, de¬ 
velop an intrinsic rhythmicity. After several more 
weeks the muscle fibers atrophy to such an extent 
that the fibrillatory impulses finally cease. To record 
an electromyogram of fibrillation, minute bipolar 
needle electrodes must be inserted into the muscle 
belly itself because adjacent muscle fibers do not fire 
simultaneously and, therefore, do not summate. As a 
result, the potentials are not strong enough to record 
from the surface of the skin. 
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Neuromuscular Transmission; 
Function of Smooth Muscle 


TRANSMISSION OF IMPULSES 
FROM NERVES TO 
SKELETAL MUSCLE FIBERS: 

THE NEUROMUSCULAR 
JUNCTION 

The skeletal muscles are innervated by large 
myelinated nerve fibers that originate in the 
large motoneurons of the anterior horns of the 
spinal cord. It was pointed out in the previous 
chapter that each nerve fiber normally branches 
many times and stimulates from 3 to 2000 


skeletal muscle fibers. The nerve ending makes 
a junction, neuromuscidcir junction or 

the myoneural Junction, with the muscle fiber 
approximately at the fiber’s midpoint so that the 
action potential in the fiber travels in both direc¬ 
tions. With the exception of about 2 per cent of 
the muscle fibers there is only one such junction 
per muscle fiber. 

Physiologic Anatomy of the Neuromuscu¬ 
lar Junction. Figure 3-1, Parts A and B, il¬ 
lustrates the neuromuscular junction between a 
large myelinated nerve fiber and a skeletal mus- 
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Figure 3-1. Different views of 
the motor end-plate. (A) Lon¬ 
gitudinal section through the 
end-plate. (B) Surface view of the 
end-plate. (C) Electronmicro- 
graphic appearance of the con¬ 
tact point between one of the 
axon terminals and the muscle 
fiber membrane, representing the 
rectangular area shown in A. 
(From Bloom and Fawcett, as 
modified from R. Couteaux: A 
Textbook of Histology, 1975.) 
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cle fiber. The nerve fiber branches at its end to 
form a complex of branching nerve terminals 
called the end-plate , which invaginates into the 
muscle fiber but lies entirely outside the muscle 
fiber plasma membrane. The entire structure is 
covered by one or more Schwann cells that in¬ 
sulate the end-plate from the surrounding fluids. 

Figure 3-1C shows an electronmicrographic 
sketch of the juncture between an axon terminal 
and the muscle fiber membrane. The invagina¬ 
tion of the membrane is called the synaptic gut¬ 
ter, and the space between the terminal and the 
fiber membrane is called the synaptic cleft. The 
synaptic cleft is 200 to 300 A wide and is filled 
with a gelatinous “ground” substance through 
which diffuses extracellular fluid. At the bottom 
of the gutter are numerous folds of the muscle 
membrane which form secondary synaptic 
clefts that greatly increase the surface area at 
which the synaptic transmitter can act. In the 
axon terminal are many mitochondria that sup¬ 
ply energy mainly for synthesis of the excita¬ 
tory transmitter acetylcholine. The acetyl¬ 
choline is synthesized in the cytoplasm of the 
terminal, but is rapidly absorbed into many 
small synaptic vesicles, approximately 300,000 
of which are normally in all the terminals of a 
single end-plate. On the surfaces of the folds in 
the synaptic gutter are aggregates of the en¬ 
zyme cholinesterase , which is capable of de¬ 
stroying acetylcholine, as is explained in further 
detail below. 

Secretion of Acetylcholine by the Axon 
Terminals. When a nerve impulse reaches the 
neuromuscular junction, some 200 to 300 vesi¬ 
cles of acetylcholine are released by the termi¬ 
nals into the synaptic clefts between the termi¬ 
nals and the muscle fiber membrane. It has been 
postulated that the nerve action potential 
causes calcium ions to move from the extracel¬ 
lular fluid into the membranes of the terminal, 
and that it is these ions that in turn cause the 
vesicles of acetylcholine to rupture through the 
membrane. In the absence of calcium or in the 
presence of excess magnesium, the release of 
acetylcholine is greatly depressed. 

Diffusion of the Released Acetylcholine Away 
from the Muscle Fiber Membraney and Its De¬ 
struction by Cholinesterase. Within approxi¬ 
mately 2 to 3 milliseconds after acetylcholine is 
released by the axon terminal, some of it pre¬ 
sumably diffuses out of the synaptic gutter and 
no longer acts on the muscle fiber membrane, 
and the remaining greater bulk of it is destroyed 
by the cholinesterase on the surfaces of the 
folds in the gutter. The very short period of time 


that the acetylcholine rem.ains in contact with 
the muscle fiber membrane—2 to 3 milli¬ 
seconds—is almost always sufficient to ex¬ 
cite the'muscle fiber, and yet the rapid removal 
of the acetylcholine prevents re-excitation after 
the muscle fiber has recovered from the first 
action potential. 

The “End-Plate Potential” and Excitation 
of the Skeletal Muscle Fiber. Even though 
the acetylcholine released into the space be¬ 
tween the end-plate and the muscle membrane 
lasts for only a minute fraction of a second, 
nevertheless, even during this period of time it 
can affect the muscle membrane sufficiently to 
make it very permeable to sodium ions, allow¬ 
ing rapid influx of sodium into the muscle fiber. 
As a result, the membrane potential rises in the 
local area of the end-plate as much as 50 to 75 
millivolts, creating a local potential called the 
end-plate potential. 

The mechanism by which acetylcholine in¬ 
creases the permeability of the muscle mem¬ 
brane is probably the following: It is believed 
that the muscle membrane contains a special 
protein molecule called an acetylcholine recep¬ 
tor substance to which the acetylcholine binds. 
Under the influence of the acetylcholine this 
receptor supposedly undergoes a conforma¬ 
tional change that increases the permeability of 
the membrane to ions, most importantly to 
sodium ions. Rapid influx of sodium ions en¬ 
sues, and this elicits the end-plate potential that 
is responsible for initiation of the action poten¬ 
tial at the muscle fiber membrane. 

A typical end-plate potential is illustrated at 
point A in Figure 3-2. This potential was re¬ 
corded after the muscle had been poisoned with 



Figure 3-2. End-plate potentials; A, normal end-plate 
potential recorded in a curarized muscle so that the mus¬ 
cle fiber itself could not generate an action potential; B, 
end-plate potential eliciting a muscle action potential; and 
C, end-plate potential too weak to elicit a muscle action 
potential. 
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curare, which made the end-plate potential too 
low to excite an action potential in the muscle 
fiber. However, in the normal muscle fiber, the 
effect shown at point B occurs: The end-plate 
potential begins, but before it can complete its 
course the intense local current flow created by 
this potential initiates an action potential; this in 
turn spreads in both directions along the muscle 
fiber. The threshold voltage at which the muscle 
fiber is stimulated is approximately —50 mil¬ 
livolts. Thus, if the resting membrane potential 
of the muscle is at the normal level of about —85 
millivolts, then an end-plate potential of +35 
millivolts is required to elicit an action potential 
in the muscle fiber. 

At point C, another situation is illustrated in 
which only a small quantity of acetylcholine is 
released at the end-plate. This also causes an 
end-plate potential that is less than the 
threshold value required to cause an action po¬ 
tential. Note that the potential dies in a few 
milliseconds. Thus, failure to transmit a signal 
to the muscle fiber can result from either dim¬ 
inished receptivity of the muscle membrane or 
decreased release of acetylcholine. 

Safety Factor** for Transmission at the 
Neuromuscular Junction; Fatigue of the Junc¬ 
tion, Ordinarily, each impulse that arrives at 
the neuromuscular junction creates an end- 
plate current flow about three to four times that 
required to stimulate the muscle fiber. There¬ 
fore, the normal neuromuscular junction is said 
to have a very high safety factor. However, ar¬ 
tificial stimulation of the nerve fiber at rates 
greater than 150 times per second for many 
minutes often diminishes the number of vesicles 
of acetylcholine released with each impulse so 
that impulses then often fail to pass into the 
muscle fiber. This is called fatigue of the 
neuromuscular junction, and it is analogous to 
fatigue of the synapse in the central nervous 
system. However, under normal functioning 
conditions, fatigue of the neuromuscular junc¬ 
tion almost never occurs, because almost never 
do the spinal nerves stimulate even the most 
active neuromuscular junctions more than 150 
times per second. 

Drugs that Affect Transmission at the 
Neuromuscular Junction. Drugs that Stimulate the 
Muscle Fiber by Acetylcholine-Like Action. Many dif¬ 
ferent compounds, including methacholine, car- 
hach&l, and nicotine, have the same effect on the 
muscle fiber as does acetylcholine. The difference 
between these drugs and acetylcholine is that they 
are not destroyed by cholinesterase or are destroyed 
very slowly, so that when once applied to the muscle 
fiber the action persists for many minutes to several 


hours. Moderate quantities of the above three drugs 
applied to a muscle fiber cause localized areas of 
depolarization, and every time the muscle fiber be¬ 
comes repolarized elsewhere, these depolarized 
areas, by virtue of their leaking ions, cause new ac¬ 
tion potentials, thereby causing a state of spasm. On 
the other hand, when extreme dosages of these drugs 
are used, so much of the membranes becomes de¬ 
polarized that the fibers can no longer pass impulses 
at all, and a state of flaccid paralysis exists instead of 
the spasm that occurs with moderate dosages. 

Drugs that Block Transmission at the Neuromuscular 
Junction. One group of drugs, known as the 
cnrariform drugs, can prevent passage of impulses 
from the end-plate into the muscle. Thus, 
D-tubocurarine affects the membrane, probably by 
competing with acetylcholine for the receptor sites of 
the membrane, so that the acetylcholine cannot in¬ 
crease the permeability of the membrane sufficiently 
to initiate a depolarization wave. 

A second group of drugs prevents transmission of 
impulses into muscle fibers by a different 
mechanism. These, of which decametlwniiun is a 
principal example, act in the same manner as large 
doses of nicotine, methacholine, and carbachol to 
depolarize the muscle fibers completely. As a result, 
no impulses can be transmitted over the muscle fiber 
membranes even though the end-plate of the motor 
nerve fiber functions entirely normally. 

Drugs that Stimulate the Neuromuscular Junction by 
Inactivating Cholinesterase. Three particularly 
well-known drugs, neostigmine, physostigmine, and 
diisopropyl flnorophosphate, inactivate cholines¬ 
terase so that the cholinesterase normally in the 
muscle fibers will not hydrolyze acetylcholine re¬ 
leased at the end-plate. As a result, acetylcholine 
increases in quantity with successive nerve impulses 
so that extreme amounts of acetylcholine can ac¬ 
cumulate and repetitively stimulate the muscle fiber. 
This causes ninscnlar spasm when even a few nerve 
impulses reach the muscle; this can cause death due 
to laryngeal spasm, which smothers the person. 

Neostigmine and physostigmine combine with 
cholinesterase to inactivate it for several hours, after 
which they are displaced from the cholinesterase so 
that it once again becomes active. On the other hand, 
diisopropyl fluorophosphate, which has military po¬ 
tential as a very powerful “nerve” gas, actually inac¬ 
tivates cholinesterase for several weeks, which 
makes this a particularly lethal drug. 

MYASTHENIA GRAVIS 

The disease myasthenia gravis, which occurs in 
rare instances in human beings, causes the person to 
become paralyzed because of inability of the 
neuromuscular junctions to transmit signals from the 
nerve fibers to the muscle fibers. Pathologically, the 
number of folds in the synaptic gutter is reduced and 
the synaptic cleft is widened. Also, antibodies that 
attack the muscle fibers have been demonstrated in 
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the bloods of many of these patients. Therefore, it 
has been postulated that myasthenia gravis is an au¬ 
toimmune disease in which the person has developed 
antibodies against his own muscles. And the an¬ 
tibodies in turn have damaged the muscle fibers—one 
of the effects being partial destruction of the receptor 
membrane of the neuromuscular junction. 

Though it has not been possible to make precise 
neurophysiological measurements at the neuromus¬ 
cular junctions in these patients, circumstantial evi¬ 
dence suggests that the end-plate potentials in these 
patients are greatly reduced, perhaps or probably be¬ 
cause of the damaged receptor membrane of the 
junction. However, it is also possible that the axon 
terminals of the end-plate do not secrete adequate 
quantities of acetylcholine. 

Regardless of the cause the end-plate potentials 
developed at the nerve endings are too weak to 
stimulate the muscle fibers adequately. If the disease 
is intense enough, the patient dies of paralysis—in 
particular, of paralysis of the respiratory muscles. 
However, the disease can usually be ameliorated 
with several different drugs, as follows: 

Treatment with Drugs. When a patient with 
myasthenia gravis is treated with a drug, such as 
neostigmine, that is capable of inactivating or de¬ 
stroying cholinesterase, the acetylcholine secreted 
by the end-plate is not destroyed immediately. If a 
sequence of nerve impulses arrives at the end-plate, 
the quantity of acetylcholine present at the mem¬ 
brane increases progressively until finally the end- 
plate potential caused by the acetylcholine rises 
above threshold value for stimulating the muscle 
fiber. Thus, it is possible by diminishing the quantity 
of cholinesterase in the muscles of a patient with 
myasthenia gravis to allow even the inadequate 
quantities of acetylcholine secreted at the end-plates 
to effect almost normal muscular activity. 


CONTRACTION OF SMOOTH 
MUSCLE 

In the previous chapter and thus far in the 
present chapter, the discussion has been con¬ 
cerned with skeletal muscle. We now turn to 
smooth muscle that is composed of fibers far 
smaller than the skeletal muscle fibers—usually 
2 to 5 microns in diameter and only 50 to 200 
microns in length—in contrast to the skeletal 
muscle fibers that are as much as 20 tirnes as 
large (in diameter) and thousands of times as 
long. Nevertheless, many of the same principles 
of contraction apply to both smooth muscle and 
skeletal muscle. Most important, the same 
chemical substances cause contraction in 
smooth muscle as in skeletal muscle, but the 
physical arrangement of smooth muscle fibers is 
entirely different, as we shall see. 


TYPES OF SMOOTH MUSCLE 

The smooth muscle of each organ is often 
distinctive from that of most other organs in 
several different ways: physical dimensions, 
organization into bundles or sheets, response to 
different types of stimuli, characteristics of its 
innervation, and function. Yet, for the sake of 
simplicity, smooth muscle can generally be di¬ 
vided into two major types, which are illus¬ 
trated in Figure 3-3: multiunit smooth muscle 
and visceral smooth muscle. 

Multiunit Smooth Muscle. This type of 
smooth muscle is composed of discrete smooth 
muscle fibers. Each fiber operates entirely in¬ 
dependently of the others and is often inner¬ 
vated by a single nerve ending as occurs for 
skeletal muscle fibers. Furthermore, the outer 
surfaces of these fibers, like those of skeletal 
muscle fibers, are covered by a thin layer of 
“basement membrane-like” substance, a 
glycoprotein that helps to insulate the separate 
fibers from each other. 

The most important characteristic of mul¬ 
tiunit smooth muscle fibers is that their control 
is exerted almost entirely by nerve signals and 
very little by other stimuli such as local tissue 
factors. This is in contrast to a major share of 
the control of visceral smooth muscle. An addi¬ 
tional characteristic is that they do not exhibit 
spontaneous contractions. 

Some examples of multiunit smooth muscle 
found in the body are the smooth muscle fibers 
of the ciliary muscle of the eye, the iris of the 
eye, the nictitating membrane that covers the 
eyes in some lower animals, the piloerector 
muscles that cause erection of the hairs when 
stimulated by the sympathetic nervous system, 
and the smooth muscle of many of the larger 
blood vessels. 

Visceral Smooth Muscle. Visceral smooth 



Figure 3-3. Visceral and 
fibers. 
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muscle fibers are similar to multiunit fibers ex¬ 
cept that they are crowded together and lie in 
such close contact with each other that the cell 
membranes between adjacent cells either fuse 
or almost fuse. For this reason, this type of 
smooth muscle is also known as unitary smooth 
muscle. This type of muscle is found in most of 
the organs of the body, especially in the walls of 
the gut, the bile ducts, the ureters, the uterus, 
and so forth. 

When one portion of a visceral muscle tissue 
is stimulated, the action potential ordinarily is 
conducted to the surrounding fibers by ephaptic 
conduction. This means that the action poten¬ 
tial generated in one area of the muscle electri¬ 
cally excites the adjacent fibers without secre¬ 
tion of any excitatory substance. Visceral 
smooth muscle fibers can transmit action poten¬ 
tials one to another in this manner because the 
fiber membranes where the fibers contact each 
other form “tight junctions” with greatly en¬ 
hanced permeability so that the electrical resis¬ 
tance between the inside of one fiber and the 
next is only a fraction of the normal membrane 
resistance. This obviously allows easy flow of 
current from the interior of one cell to the next 
and therefore allows ease of transmission of ac¬ 
tion potentials over the surface membranes of 
the muscle mass. 

THE CONTRACTILE PROCESS IN 
SMOOTH MUSCLE 

The Chemical Basis for Contraction. 

Smooth muscle contains exactly the same 
chemical substances as skeletal muscle, includ¬ 
ing both actin and myosin. However, the actin 
and myosin filaments do not have the same 
periodic spatial arrangement as that seen in the 
sarcomeres of skeletal muscle. Instead the fila¬ 
ments sometimes lie at odd angles to each 
other, though mostly oriented in the longitudi¬ 
nal direction of the muscle fibers. Typical actin 
filaments can be seen in electron micrographs; 
the tips of some of these are apparently at¬ 
tached to the cell membrane, thereby providing 
a method for mechanically coupling the con¬ 
tractile process inside the fiber with the tissues 
outside the fiber. On the other hand, typical 
myosin filaments as seen in striated muscle are 
rarely seen in smooth muscle, so that there is 
actually some doubt that myosin filaments of 
the type known to occur in skeletal muscle are 
necessary for smooth muscle contraction. Yet, 
chemically there is approximately the same 
ratio of myosin molecules to actin molecules in 


smooth muscle as in skeletal muscle. It is pos¬ 
sible that some of the filaments that have tenta¬ 
tively been identified as actin filaments are in¬ 
stead myosin filaments, or it could be that 
unpolymerized myosin molecules too small to 
be seen with the electron microscope could 
provide binding forces between the actin fila¬ 
ments during contraction. 

Nevertheless, the contractile process appears 
in many other ways to be the same as in skeletal 
muscle: that is, it is activated by calcium ions; 
ATP is converted to ADP, just as occurs in 
skeletal muscle; and contraction occurs after 
depolarization of the membrane and stops a 
fraction of a second to a few seconds following 
repolarization. 

One significant difference between smooth 
muscle contraction and skeletal muscle con¬ 
traction is the timing of the process; contraction 
develops only one-fourth to one-twentieth as 
rapidly in smooth muscle as in skeletal muscle. 
Also, relaxation at the end of the action poten¬ 
tial is often very prolonged. This difference 
probably results from slowness of the activation 
and inactivation processes in smooth muscle, 
which will be discussed in subsequent sections. 

It has also been suggested that the contractile 
filaments in smooth muscle tend to stick to each 
other so that they “drag” against each other 
during contraction and relaxation. This could 
explain a special ability of smooth muscle to 
maintain large amounts of tension over long 
periods of time without utilizing much ATP, an 
effect that is quite different from that in skeletal 
muscle. 

MEMBRANE POTENTIALS AND ACTION 
POTENTIALS IN SMOOTH MUSCLE 

Smooth muscle exhibits membrane potentials 
and action potentials similar to those that occur 
in skeletal muscle fibers. Furthermore, smooth 
muscle contraction is elicited by depolarization 
of the membrane in the same way that contrac¬ 
tion is initiated by depolarization of skeletal 
muscle fibers. However, there are both quan¬ 
titative and qualitative differences in the mem¬ 
brane potentials and action potentials of smooth 
muscle that require special attention. 

Membrane Potentials in Smooth Mus¬ 
cle. The quantitative value of the membrane 
potential of smooth muscle is variable from one 
type of smooth muscle to another, and it also 
depends on the momentary condition of the 
muscle. However, in the normal resting state, 
the membrane potential is usually about —55 to 
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—60 millivolts, or about 25 millivolts less nega¬ 
tive than in skeletal muscle. 

Action Potentials in Visceral Smooth Mus¬ 
cle. Action potentials occur in visceral 
smooth muscle in the same way that they occur 
I in skeletal muscle. However, action potentials 
1 probably do not normally occur in multiunit 
types of smooth muscle, as will be discussed in 
a subsequent section. 

The action potentials of visceral smooth 
muscle occur in two different forms: (1) spike 
potentials and (2) action potentials with 
plateaus. 

Spike potentials. Typical spike action poten¬ 
tials, such as those seen in skeletal muscle, 
occur in most types of visceral smooth muscle. 
The duration of this type of action potential is 
usually about 10 milliseconds, as illustrated in 
Figure 3-4A. Such action potentials can be 
elicited in many ways, such as by electrical 
stimulation, by the action of hormones on the 
smooth muscle, by the action of transmitter 
substances from nerve fibers, or as a result of 
spontaneous generation in the muscle fiber it¬ 
self, as discussed below. 

Slow Wave Potentials in Visceral Smooth 
Muscle and Spontaneous Generation of Spike 
Potentials. Some smooth muscle is self- 
excitatory. That is, action potentials arise 
within the smooth muscle itself without an ex¬ 
trinsic stimulus. This is usually associated with 
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Figure 3-4. (A) A typical smooth muscle action poten¬ 

tial (spike potential) elicited by an external stimulus. (B) 
A series of spike action potentials elicited by rhythmical 
slow electrical waves occurring spontaneously in the 
smooth muscle wall of the intestine. 


a basic slow wave rhythm of the membrane po¬ 
tential. A typical slow wave of this type is illus¬ 
trated in Figure 12-4B. The slow wave itself is 
not an action potential. It is not a self- 
regenerative process that spreads progressively 
over the membranes of the muscle fibers. In¬ 
stead, it is a local property of the smooth mus¬ 
cle fibers that make up the muscle mass. 

The cause of the slow wave rhythm is as yet 
unknown, though one suggestion for which 
there is considerable circumstantial evidence is 
that the slow waves are caused by waxing and 
waning of the pumping of sodium outward 
through the muscle fiber membrane; the mem¬ 
brane potential becomes more negative when 
sodium is pumped rapidly and less negative 
when the sodium pump becomes less active. 

The importance of the slow waves lies in the 
fact that they can initiate action potentials. The 
slow waves themselves cannot cause muscle 
contraction, but when the potential of the slow 
wave rises above the level of approximately 
-35 millivolts (the approximate threshold for 
eliciting action potentials in visceral smooth 
muscle), an action potential develops and 
spreads over the visceral smooth muscle mass, 
and then contraction does occur. Figure 3^B 
illustrates this effect, showing that at each peak 
of the slow wave, an action potential (a spike 
potential) occurs. Indeed, sometimes a series of 
action potentials occur on the peak while no 
action potentials at all occur during the trough. 
This effect can obviously promote a series of 
rhythmical contractions of the smooth muscle 
mass. Therefore, the slow waves are frequently 
called pacemaker waves. This type of activity is 
especially prominent in tubular types of smooth 
muscle masses, such as in the gut, the ureter, 
and so forth. Especially important, this type of 
activity controls the rhythmical contractions of 
the gut. 

Action Potentials with Plateaus. Another 
type of action potential that occurs in some vis¬ 
ceral smooth muscle is illustrated in Figure 
3-5. The onset of this action potential is simi¬ 
lar to that of the typical spike potential. How¬ 
ever, instead of rapid repolarization of the mus¬ 
cle fiber membrane, the repolarization is de¬ 
layed for several hundred milliseconds, mainly 
because of delay in the membrane inactivation 
process, as was explained in Chapter 1. This 
causes a plateau in the action potential before 
repolarization finally occurs and obviously pro¬ 
vides a prolonged period of membrane depolar¬ 
ization that is also associated with prolonged 
contraction. This type of action potential 
















48 


NERVE AND MUSCLE 



Figure 3-5. Monophasic action potential from a smooth 
muscle fiber of the rat uterus. 


often occurs in the ureter and in the uterus 
under some conditions. It is also the type of 
action potential seen in cardiac muscle fibers, 
which also have a prolonged period of contrac¬ 
tion. 

Spread of Action Potentials Through Vis¬ 
ceral Smooth Muscle. Because of the “tight 
junctions” that allow easy spread of electrical 
current between the smooth muscle fibers in 
visceral smooth muscle, once an action poten¬ 
tial begins, it spreads slowly through the entire 
muscle mass. For instance, if it begins at the 
upper end of the gastrointestinal tract, it can 
spread downward along the intestinal wall, 
creating a constrictive ring that moves forward. 
The constrictive ring propels the intestinal con¬ 
tents forward. This process is called peristalsis, 
an important end result of smooth muscle func¬ 
tion. 

Excitation of Visceral Smooth Muscle by 
Stretch. When visceral smooth muscle is 
stretched sufficiently, spontaneous action po¬ 
tentials are usually generated. These result 
from a combination of the normal slow wave 
potentials plus a decrease in the membrane po¬ 
tential caused by the stretch itself. This re¬ 
sponse to stretch is an especially important 
function of visceral smooth muscle because it 
allows a hollow organ that is excessively 
stretched to contract automatically and there¬ 
fore to resist the stretch. For instance, when the 
gut is overstretched by intestinal contents, a 
local automatic contraction sets up a peristaltic 
wave that moves the contents away from the 
super-stretched intestine. 

Depolarization of Multiunit Smooth Mus¬ 
cle Without Action Potentials. The smooth 
muscle fibers of multiunit smooth muscle are 
normally contracted only in response to nerve 
stimuli. The nerve endings secrete acetyl¬ 
choline in the case of some multiunit smooth 
muscles and norepinephrine in the case of 
others. In both instances, these transmitter 


substances cause depolarization of the smooth 
muscle membrane, and this response in turn 
elicits the contraction. However, action poten¬ 
tials most often do not develop. The reason for 
this is presumably that the fibers are too small 
to generate an action potential. In fact, when 
action potentials are elicited in visceral smooth 
muscle, as many as 30 to 40 smooth muscle 
fibers must depolarize simultaneously before a 
self-propagating action potential ensues. Yet, 
even without an action potential in the multiunit 
smooth muscle fibers, the local depolarization 
caused by the nerve transmitter substance itself 
spreads “electrotonically” over the entire fiber 
and is all that is needed to cause the muscle 
contraction. 

Role of Calcium Ions in Causing Smooth 
Muscle Action Potentials. It will be recalled 
from the discussion in Chapter 1 that the de¬ 
polarization process during the action potential 
of nerve fibers (and also of skeletal muscle 
fibers) is caused almost entirely by rapid influx 
of sodium ions to the interior of the cell mem¬ 
brane. In the action potential of smooth muscle 
fibers, the rapid influx of ions includes not only 
sodium ions but also a large quantity of calcium 
ions. Indeed, it is believed that for many types 
of smooth muscle, the onset of depolarization is 
caused mainly by influx of calcium ions rather 
than of sodium ions. This is particularly impor¬ 
tant in view of the fact that influx of calcium 
ions seems also to be the major means by which 
muscle contraction itself is elicited, as will be 
discussed in the following section. 

EXCITATION-CONTRACTION 
COUPLING—ROLE OF CALCIUM IONS 

In the previous chapter it was pointed out 
that the actual contractile process in skeletal 
muscle is activated by calcium ions. This is also 
true in smooth muscle. However, the source of 
the calcium ions differs from smooth muscle to 
skeletal muscle because the sarcoplasmic re¬ 
ticulum of smooth muscle is poorly developed 
in contrast to the sarcoplasmic reticulum of 
skeletal muscle which is very extensive and is 
the source of the contraction-inducing calcium 
ions. 

In smooth muscle, most of the calcium ions 
that cause contraction enter the muscle fiber 
from the extracellular fluid at the time of the 
action potential. There is a reasonably high 
concentration of calcium ions in the extracellu¬ 
lar fluid, and as was pointed out in the previous 
section, the action potential is caused at least 
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partly by influx of calcium ions into the muscle 
fiber. Because the smooth muscle fibers are ex¬ 
tremely small (in contrast to the sizes of the 
skeletal muscle fibers), these calcium ions can 
diffuse to all parts of the smooth muscle and 
elicit the contractile process. The time required 
for this diffusion to occur is usually 200 to 300 
milliseconds and is called the latent period be¬ 
fore the contraction begins; this latent period is 
some 50 times as great as that for skeletal mus¬ 
cle contraction. 

Yet, in some smooth muscle there are rudi¬ 
ments of a developing sarcoplasmic reticulum 
in which the cisternae of the reticulum abut the 
cell membrane. Therefore, it is believed that the 
membrane action potentials in these smooth 
muscle fibers cause additional release of cal¬ 
cium ions from these cisternae, thereby provid¬ 
ing a greater degree of contraction than would 
occur on the basis of calcium ions entering 
through the cell membrane alone. 

The Calcium Pump. To cause relaxation of 
the smooth muscle contractile elements, it is 
necessary to remove the calcium ions. This re¬ 
moval is achieved by a calcium pump that 
pumps the calcium ions out of the smooth mus¬ 
cle fiber and back into the extracellular fluid, or 
perhaps also pumps calcium ions into the 
rudimentary sarcoplasmic reticulum when it is 
present. However, this pump is very slow- 
acting in comparison with the fast-acting sar¬ 
coplasmic reticulum pump in skeletal muscle. 
Therefore, the duration of smooth muscle con¬ 
traction is often in the order of seconds rather 
than in tens of milliseconds as occurs for 
skeletal muscle. 

GROSS CHARACTERISTICS OF 
SMOOTH MUSCLE CONTRACTION 

From the foregoing discussion of the many 
different types of smooth muscle and the many 
different types of membrane depolarizations, 
one can readily understand why smooth muscle 
in different parts of the body has many different 
characteristics of contraction. For instance, the 
multiunit smooth muscle of the large blood ves¬ 
sels contracts mainly in response to nerve im¬ 
pulses, whereas, in many types of visceral 
smooth muscle—the smaller blood vessels, the 
ureter, the bile ducts, and other glandular 
ducts—a self-excitatory process causes con¬ 
tinuous rhythmic contraction. 

Tone of Smooth Muscle—Summation of 
Individual Contractions. Smooth muscle can 
maintain a state of long-term, steady contrac¬ 


tion that has been called either tonus contrac¬ 
tion of smooth muscle or simply smooth mus¬ 
cle tone. This is an important feature of smooth 
muscle contraction because it allows prolonged 
or even indefinite continuance of the smooth 
muscle function. For instance, the arterioles are 
maintained in a state of tonic contraction almost 
throughout the entire life of the person. 
Likewise, tonic contraction in the gut wall 
maintains steady pressure on the contents of 
the gut, and tonic contraction of the urinary 
bladder wall maintains a moderate amount of 
pressure on the urine in the bladder. 

The tonic contraction of smooth muscle is 
caused by summation of individual contractile 
pulses. That is, each time an action potential 
occurs, a small quantity of calcium ions enters 
the smooth muscle cell. If another action poten¬ 
tial occurs before the first calcium ions have 
been pumped out, then the concentration of 
calcium ions will rise still further. In addition, 
since a pulse of calcium ions in smooth muscle 
usually lasts for a second or more, any time 
action potentials occur at frequencies greater 
than 1 per second, summation usually ensues 
and the strength of contraction increases. This 
effect is illustrated in Figure 3-6. Further¬ 
more, rhythmic contractions can be superim¬ 
posed on the tonic contraction, as also illus¬ 
trated in the figure. The rhythmic contractions 
are caused by waxing and waning of the fre¬ 
quency of stimulation and, therefore, waxing 
and waning of the summation of the contractile 
process. 

Degree of Shortening of Smooth Muscle 
During Contraction. A special characteristic 
of smooth muscle—one that is also different 
from skeletal muscle—is its ability to shorten a 
far greater percentage of its length than can 
skeletal muscle. Skeletal muscle has a useful 
distance of contraction equal to only 25 to 35 



Figure 3-6. Record of rhythmic and tonic smooth mus¬ 
cle contraction. 
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per cent of its length, while smooth muscle can 
contract quite effectively from a length two 
times its normal length to as short as one-half its 
normal length, giving as much as a four-fold 
distance of contraction. This allows smooth 
muscle to perform important functions in the 
hollow viscera—for instance, allowing the gut, 
the bladder, blood vessels, and other internal 
structures of the body to change their lumen 
diameters from almost zero up to very large 
values. 

Stress-Relaxation of Smooth Muscle. A 

very important characteristic of smooth muscle 
is its ability to change length greatly without 
marked changes in tension. This results from a 
phenomenon called stress-relaxation, which 
may be explained as follows: 

If a segment of smooth muscle 1 inch long is 
suddenly stretched to 2 inches, the tension be¬ 
tween the two ends increases tremendously at 
first, but the extra tension also begins to disap¬ 
pear immediately, and within a few minutes it 
has returned almost to its level prior to the 
stretch, even though the muscle is now twice as 
long. This probably results from the fact that 
the actin and myosin filaments are arranged 
randomly in smooth muscle. Over a period of 
time, the filaments of the stretched muscle pre¬ 
sumably rearrange their bonds and gradually 
allow the sliding process to take place, thus al¬ 
lowing the tension to return almost to its origi¬ 
nal amount. 

Exactly the converse effect occurs when 
smooth muscle is shortened. Thus, if the 2 inch 
segment of smooth muscle is shortened back to 
1 inch, essentially all tension will be lost from 
the muscle immediately. Gradually, over a 
period of 1 minute or more, the tension returns, 
this again presumably resulting from slow slid¬ 
ing of the filaments. This is called reverse 
stress-relcixa tion . 


NEUROMUSCULAR JUNCTIONS 
OF SMOOTH MUSCLE 

Physiologic Anatomy of Smooth Muscle 
Neuromuscular Junctions. There are two 
major types of smooth muscle neuromuscular 
junctions: (1) the contact type, and (2) the clif- 
fiise type. The contact type of neuromuscular 
junctions is illustrated in Figure 3-7. This 
figure shows a nerve fiber arborizing into a re¬ 
ticulum of terminal fibrils that spread among 
smooth muscle fibers. These terminal fibrils are 
insulated by sheaths of Schwann cells, but 



Figure 3-7. Junction of terminal nerve fibrils with 
smooth muscle fibers, showing a rare discrete terminal 
but many points where naked axons touch smooth muscle 
fibers, which points are also believed to act as transmis¬ 
sion junctions. 


where the fibers come in contact with muscle 
fibers the sheath is often interrupted, allowing 
the naked axons to touch the muscle fibers. 
Also, at these points the fibers form varicosities 
that contain acetylcholine or norepinephrine 
vesicles. In rare instances, a minute nerve ter¬ 
minal invaginates into the membrane of a 
smooth muscle fiber and is thus similar to the 
end-plate of the skeletal neuromuscular junc¬ 
tion. However, it is believed that most trans¬ 
mission occurs at the points of contact between 
the varicosities and the smooth muscle fibers. 

The diffuse type of smooth muscle 
neuromuscular junction is characterized by 
terminal nerve fibrils that never come into di¬ 
rect contact with the smooth muscle fibers. In¬ 
stead, these terminal fibers either wend their 
way through the smooth muscle mass, partially 
protected by Schwann cells, or they even lie in 
the fibrous tissue adjacent to the smooth muscle 
mass, never penetrating at all. These fibers also 
have varicosities that release transmitter sub¬ 
stances, and these substances then diffuse, 
often long distances, into the muscle mass. For 
instance, the innervation of portions of the gut 
and of some blood vessels is achieved in this 
way—simply secretion of the transmitter sub¬ 
stances onto the surfaces of the smooth muscle 
masses or between layers of smooth muscle and 
the transmitter then diffusing to the other 
layers. 

Excitatory and Inhibitory Transmitter Sub¬ 
stances at the Smooth Muscle Neuromuscular 
Junction. Two different transmitter sub¬ 
stances known to be secreted by the autonomic 
nerves innervating smooth muscle are acetyl¬ 
choline and norepinephrine. Acetylcholine is an 
excitatory substance for smooth muscle fibers 
in some organs but an inhibitory substance for 
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smooth muscle in other organs. And when 
1 acetylcholine excites a muscle fiber, 
norepinephrine ordinarily inhibits it, or when 
acetylcholine inhibits a fiber norepinephrine ex¬ 
cites it. 

It is believed that receptor substances in the 
membranes of the different smooth muscle 
fibers determine which will excite them, acetyl¬ 
choline or norepinephrine. These receptor sub- 
I stances will be discussed in more detail in 
Chapter 15 in relation to function of the au¬ 
tonomic nervous system. 

Excitation of Action Potentials in Smooth 
Muscle Fibers—The Junctional Potential. 
Transmission of impulses from terminal nerve 
fibers to smooth muscle fibers occurs in very 
much the same manner as transmission at the 
neuromuscular junction of skeletal muscle 
fibers except for temporal differences. When an 
action potential reaches the terminal of an ex¬ 
citatory nerve fibril, there is a latent period of 
about 50 milliseconds before any change in the 
membrane potential of the smooth muscle fiber 
can be detected. Then the potential rises to a 
maximal level in approximately 100 mil¬ 
liseconds. If an action potential does not occur, 
this potential gradually disappears at a rate of 
approximately one-half every 200 to 500 mil¬ 
liseconds. This complete sequence of potential 
changes is called the junctional potential; it is 
analogous to the end-plate potential of the 
skeletal muscle fibers except that its duration is 
20 to 100 times as long. 

If the junctional potential rises to the 
threshold level for discharge of the smooth 
muscle membrane, an action potential will 
occur in the smooth muscle fiber in exactly the 
same way that an action potential occurs in a 
skeletal muscle fiber. A typical smooth muscle 
fiber has a normal resting membrane potential 
of —55 to —60 millivolts, and the threshold po¬ 
tential at which the action potential occurs is 
about —30 to —40 millivolts. 

Inhibition at the Smooth Muscle Neuromuscular 
Junction. When an inhibitory transmitter sub¬ 
stance is released instead of an excitatory 
transmitter, the membrane potential of the 
muscle fiber becomes more negative than ever, 
for instance —70 millivolts; that is, it becomes 
hyperpolarized and therefore becomes much 
more difficult to excite than is usually the case. 

Excitation of Smooth Muscle by Hormones. 
Many different hormones affect the degree of 
response of smooth muscle to nerve stimuli and 
other stimuli. Also, some hormones can cause 
direct stimulation of smooth muscle contrac¬ 


tion. In addition to the usual transmitter sub¬ 
stances acetylcholine and norepinephrine, the 
other hormonal factors that at times either ex¬ 
cite or inhibit smooth muscle include epineph¬ 
rine, serotonin, histamine, estrogens, pro¬ 
gesterone, vasopressin, and oxytocin. The 
functions of these different substances will be 
discussed at different points in this text in rela¬ 
tion to specific organs. To give an example, es¬ 
trogens affect uterine muscle toward the end of 
pregnancy to decrease its membrane potential. 
This increases the excitability of the uterus, 
probably playing a role in the final onset of 
labor. On the other hand, progesterone has the 
opposite effect; it increases the membrane po¬ 
tential, causing a state of hyperpolarization and 
thus decreasing the excitability of the uterine 
musculature. Therefore, progesterone plays an 
important role in preventing expulsion of the 
fetus by the uterus during the early weeks and 
months of pregnancy. 
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Organization of the Central 
Nervous System; Basic Functions 

of Synapses 


The nervous system, along with the endo¬ 
crine system, provides most of the control func¬ 
tions for the body. In general, the nervous sys¬ 
tem controls the rapid activities of the body, 
such as muscular contractions, rapidly changing 
visceral events, and even the rate of secretion 
of some endocrine glands. The endocrine sys¬ 
tem, by contrast, regulates principally the 
metabolic functions of the body. 

The nervous system is unique in the vast 
complexity of the control actions that it can per¬ 
form. It receives literally thousands of bits of 
information from the different sensory organs 
and then integrates all these to determine the 
response to be made by the body. The purpose 
of this chapter is to present, first, a general out¬ 
line of the overall mechanisms by which the 
nervous system performs such functions. Then 
we will discuss the function of central nervous 
system synapses, the basic structures that con¬ 
trol the passage of signals into, through, and 
then out of the nervous system. In succeeding 
chapters we will analyze in detail the functions 
of the individual parts of the nervous system. 
Before beginning this discussion, however, the 
reader should refer to Chapters 1 and 3, 
which present, respectively, the principles of 
membrane potentials and transmission of im¬ 
pulses through neuromuscular junctions. 

GENERAL DESIGN OF 
THE NERVOUS SYSTEM 

THE SENSORY DIVISION- 
SENSORY RECEPTORS 

Most activities of the nervous system are 
originated by sensory experience emanating 


from sensory receptorsy whether these be visual 
receptors, auditory receptors, tactile receptors 
on the surface of the body, or other kinds of 
receptors. This sensory experience can cause 
an immediate reaction, or its memory can be 
stored in the brain for minutes, weeks, or years 
and then can help to determine the bodily reac¬ 
tions at some future date. 

Figure 4-1 illustrates a portion of the sen¬ 
sory system, the somatic portion that transmits 
sensory information from the receptors of the 
entire surface of the body and deep structures. 
This information enters the nervous system 
through the spinal nerves and is conducted into 
(a) the spinal cord at all levels, (b) the reticular 
substance of the medulla, pons, and mesen¬ 
cephalon, (c) the cerebellum, (d) the thalamus, 
and (e) the somesthetic areas of the cerebral 
cortex. But in addition to these “primary sen¬ 
sory” areas, signals are then relayed to essen¬ 
tially all other segments of the nervous system. 


THE MOTOR DIVISION— 

THE EFFECTORS 

The most important ultimate role of the nerv¬ 
ous system is control of bodily activities. This is 
achieved by controlling (a) contraction of 
skeletal muscles throughout the body, (b) con¬ 
traction of smooth muscle in the internal or¬ 
gans, and (c) secretion of both exocrine and en¬ 
docrine glands in many parts of the body. These 
activities are collectively called motor functions 
of the nervous system, and the muscles and 
glands are called effectors because they per¬ 
form the functions dictated by the nerve signals. 
That portion of the nervous system directly 
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tern. 


concerned with transmitting signals to the mus¬ 
cles and glands is called the motor division of 
the nervous system. 

Figure 4-2 illustrates the motor axis of the 
nervous system for controlling skeletal muscle 
contraction. Operating parallel with this axis is 
another similar system for control of the smooth 
muscles and glands; it is the autonomic nervous 
system, which will be presented in detail in 
Chapter 15. Note in Figure 4-2 that the skeletal 
muscles can be controlled from many different 
levels of the central nervous system, including 
(a) the spinal cord, (b) the reticular substance of 
the medulla, pons, and mesencephalon, (c) the 
basal ganglia, (d) the cerebellum, and (e) the 
motor cortex. Each of these different areas 


plays its own specific role in the control of body 
movements, the lower regions being concerned 
primarily with automatic, instantaneous re¬ 
sponses of the body to sensory stimuli and the 
higher regions with deliberate movements con¬ 
trolled by the thought processes of the cere¬ 
brum. 

PROCESSING OF INFORMATION 

The nervous system would not be at all effec¬ 
tive in controlling bodily functions if each bit of 
sensory information caused some motor reac¬ 
tion. Therefore, one of the major functions of 
the nervous system is to process incoming in¬ 
formation in such a way that appropriate motor 
responses occur. Indeed, more than 99 per cent 
of all sensory information is continually dis¬ 
carded by the brain as unimportant. For in¬ 
stance, one is ordinarily totally unaware of the 
parts of his body that are in contact with his 
clothes and is also unaware of the pressure on 
his seat when he is sitting. Likewise, his atten¬ 
tion is drawn only to an occasional object in his 
field of vision, and even the perpetual noise of 
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his surroundings is usually relegated to the 
background. 

After the important sensory information has 
been selected, it must be channeled into proper 
motor regions of the brain to cause the desired 
responses. Thus, if a person places his hand on 
a hot stove, the desired response is to lift the 
hand, plus other associated responses, such as 
moving the entire body away from the stove and 
perhaps even shouting with pain. Yet even 
these responses represent activity by only a 
small fraction of the total motor system of the 
body. 

Role of Synapses in Processing Informa¬ 
tion. The synapse is the junction point from 
one neuron to the next and, therefore, is an ad¬ 
vantageous site for control of signal transmis¬ 
sion. Later in this chapter we will discuss the 
details of synaptic function. However, it is im¬ 
portant to point out here that the synapses de¬ 
termine the directions that the nervous signals 
spread in the nervous system. Some synapses 
transmit signals from one neuron to the next 
with ease, whereas others transmit signals only 
with difficulty. Also, facilitatory and inhibitory 
signals from other areas in the nervous system 
can control synaptic activity, sometimes open¬ 
ing the synapses for transmission and other 
times closing them. In addition, some post- 
synaptic neurons respond with large numbers of 
impulses, whereas others respond with only a 
few. Thus, the synapses perform a selective ac¬ 
tion, often blocking the weak signals while al¬ 
lowing the strong signals to pass, often selecting 
and amplifying certain weak signals, and often 
channeling the signal in many different direc¬ 
tions rather than simply in one direction. The 
basic principles of this processing of informa¬ 
tion by the synapses are so important that they 
are discussed in detail in the latter part of this 
chapter and in the entire following chapter. 

STORAGE OF INFORMATION—MEMORY 

Only a small fraction of the important sensory 
information causes an immediate motor re¬ 
sponse. Much of the remainder is stored for fu¬ 
ture control of motor activities and for use in 
the thinking processes. Most of this storage oc¬ 
curs in the cerebral cortex, but not all, for even 
the basal regions of the brain and perhaps even 
the spinal cord can store small amounts of in¬ 
formation. 

The storage of information is the process we 
call memory, and this too is a function of the 


synapses. That is, each time a particular sen- 
^sory signal passes through a sequence of 
synapses, the respective synapses become 
more capable of transmitting the same signal the 
next time, which process is called facilitation. 
After the sensory signal has passed through the 
synapses a large number of times, the synapses 
become so facilitated that signals from the 
“control center” of the brain can also cause 
transmission of impulses through the same se- 
.^quence of synapses even though the sensory 
input has not been excited. This gives the per¬ 
son a perception of experiencing the original 
sensation, though in effect it is only a memory 
of the sensation. 

Unfortunately, we do not know the precise 
mechanism by which facilitation of synapses 
occurs in the memory process, but what is 
known about this and other details of the mem¬ 
ory process will be discussed in Chapter 13. 

Once memories have been stored in the nerv¬ 
ous system, they become part of the processing 
mechanism. The thought processes of the brain 
compare new sensory experiences with the 
stored memories; the memories help to select 
the important new sensory information and to 
channel this into appropriate storage areas for 
future use or into motor areas to cause bodily 
responses. 


THE THREE MAJOR LEVELS OF 
NERVOUS SYSTEM FUNCTION 

The human nervous system has inherited 
specific characteristics from each stage of 
evolutionary development. From this heritage, 
there remain three major levels of the nervous 
system that have special functional significance: 
(1) the spinal cord level, (2) the lower brain 
level, and (3) the higher brain or cortical level. 

THE SPINAL CORD LEVEL 

The spinal cord of the human being still re¬ 
tains many functions of the multisegmental 
animal. Sensory signals are transmitted through 
the spinal nerves into each segment of the spi¬ 
nal cord, and these signals can cause localized 
motor responses either in the segment of the 
body from which the sensory information is re¬ 
ceived or in adjacent segments. Essentially all 
the spinal cord motor responses are automatic 
and occur almost instantaneously in response to 
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Figure 4-3. Left: The simple stretch reflex. Right; A 
withdrawal reflex. 


the sensory signal. In addition, they occur in 
specific patterns of response called reflexes. 

Figure 4-3 illustrates two of the simpler cord 
reflexes. To the left is the neural control of the 
muscle stretch reflex. If a muscle suddenly be¬ 
comes stretched, a sensory nerve receptor in 
the muscle called the muscle spindle becomes 
stimulated and transmits nerve impulses 
through a sensory nerve fiber into the spinal 
cord. This fiber synapses directly with a 
motoneuron in the anterior horn of the cord 
gray matter, and the motoneuron in turn trans¬ 
mits impulses back to the muscle to cause the 
muscle, the effector, to contract. The muscle 
contraction opposes the original muscle stretch. 
Thus, this reflex acts as 2 ifeedback mechanism, 
operating from a receptor to an effector, to pre¬ 
vent sudden changes in length of the muscle. 
This allows a person to maintain his limbs and 
other parts of his body in desired positions de¬ 
spite sudden outside forces that tend to move 
the parts out of position. 

To the right in Figure 4-3 is illustrated the 
neural control of another reflex called the with¬ 
drawal reflex. This is a protective reflex that 
causes withdrawal of any part of the body from 
an object that is causing pain. For instance, let 
us assume that the hand is placed on a sharp 
object. Pain signals are transmitted into the gray 
matter of the spinal cord, and, after appropriate 
selection of information by the synapses, sig¬ 
nals are channeled to the appropriate 
motoneurons to cause flexion of the biceps 
muscle. This obviously lifts the hand away from 
the sharp object. 

We see, then, that the withdrawal reflex is 


much more complex than the stretch reflex, for 
it involves many neurons in the gray matter of 
the cord, and signals are transmitted to many 
adjacent segments of the cord to cause contrac¬ 
tion of the appropriate muscles. 

Cord Functions After the Brain Is Re¬ 
moved. The many reflexes of the spinal cord 
will be discussed in Chapter 9; however, the 
following list of important cord reflex functions 
that occur even after the brain is removed illus¬ 
trates the many capabilities of the spinal cord: 

1. The animal can under certain conditions 
be made to stand up. This is caused primarily by 
reflexes initiated from the pads of the feet. Sen¬ 
sory signals from the pads cause the extensor 
muscles of the limbs to tighten, which in turn 
allows the limbs to support the animal’s body. 

2. A spinal animal held in a sling so that its 
feet hang downward often begins walking or gal¬ 
loping movements involving one, two, or all its 
legs. This illustrates that the basic patterns for 
causing the limb movements of locomotion are 
present in the spinal cord. 

3. A flea crawling on the skin of a spinal ani¬ 
mal causes reflex to-and-fro scratching by the 
paw, and the paw can actually localize the flea 
on the surface of the body. 

4. Cord reflexes exist to cause emptying of 
the urinary bladder and of the rectum. 

5. Segmental temperature reflexes are pres¬ 
ent throughout the body. Local cooling of the 
skin causes vasoconstriction, which helps to 
conserve heat in the body. Conversely, local 
heating in the skin causes vasodilatation, result¬ 
ing in loss of heat from the body. 

This list of some of the segmental and mul- 
tisegmental reflexes of the spinal cord dem¬ 
onstrates that many of our day-by-day and 
moment-by-moment activities are controlled 
locally by the respective segmental levels of the 
spinal cord, and the brain plays only a modify¬ 
ing role in these local controls. 


THE LOWER BRAIN LEVEL 

Many if not most of what we call subcon¬ 
scious activities of the body are controlled in 
the lower areas of the brain—in the medulla, 
pons, mesencephalon, hypothalamus, thal¬ 
amus, cerebellum, and basal ganglia. Subcon¬ 
scious control of arterial blood pressure and 
respiration is achieved primarily in the reticular 
substance of the medulla and pons. Control of 
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equilibrium is a combined function of the older 
portions of the cerebellum and the reticular 
substance of the medulla, pons, and mesen¬ 
cephalon. The coordinated turning movements 
of the head, of the entire body, and of the eyes 
are controlled by specific centers located in the 
mesencephalon, paleocerebellum, and lower 
basal ganglia. Feeding reflexes, such as saliva¬ 
tion in response to taste of food and licking of 
the lips, are controlled by areas in the medulla, 
pons, mesencephalon, amygdala, and 
hypothalamus. And many emotional patterns, 
such as anger, excitement, sexual activities, 
reactions to pain, or reactions of pleasure, can 
occur in animals without a cerebral cortex. 

Tn short, the subconscious but coordinate 
functions ot the body, as well as many of the life 

processes themselves—arterial pressure 

respiration, for instance—are controlled by the 

lower regions of the brain, regions that usually , 

but not always, operate below the conscious 

level. 


THE HIGHER BRAIN OR CORTICAL 
LEVEL 

We have seen from the above discussion that 
many of the intrinsic life processes of the body 
are controlled by subcortical regions of the 
brain or by the spinal cord. What then is the 
function of the cerebral cortex? The cerebral 
cortex is primarily a vast information storage 
area. Approximately three quarters of all the 
neuronal cell bodies of the entire nervous sys¬ 
tem are located in the cerebral cortex. It is here 
that most of the memories of past experiences 
are stored, and it is here that many of the pat¬ 
terns of motor responses are stored, which in¬ 
formation can be called forth at will to control 
motor functions of the body. 

Relation of the Cortex to the Thalamus and 
Other Lower Centers. The cerebral cortex is 
actually an outgrowth of the lower regions of 
the brain, particularly of the thalamus. For each 
area of the cerebral cortex there is a corres¬ 
ponding and connecting area of the thalamus, 
and activation of a minute portion of the 
thalamus activates the corresponding and much 
larger portion of the cerebral cortex. It is pre¬ 
sumed that in this way the thalamus can call 
forth cortical activities at will. Also, activation 
of regions in the mesencephalon transmits dif¬ 
fuse signals to the cerebral cortex, partially 
through the thalamus and partially directly, to 


activate the entire cortex. This is the process 
that we call wakefulness. On the other hand, 
when these areas of the mesencephalon become 
inactive, the thalamic and cortical regions also 
become inactive, which is the process we call 
sleep. 

Function of the Cerebral Cortex in Thought 
Processes. Some areas of the cerebral cortex 
are not directly concerned with either sensory 
or motor functions of the nervous system—for 
example, the prefrontal lobe and large portions 
of the temporal and parietal lobes. These areas 
are set aside for the more abstract processes of 
thought, but even they also have direct nerve 
connections with the lower regions of the brain. 

Large areas of the cerebral cortex can be de¬ 
stroyed without blocking the subconscious, and 
even some of the involuntary conscious, ac¬ 
tivities of the body. For instance, destruction of 
the somesthetic cortex does not destroy one’s 
ability to feel objects touching his skin, but it 
does destroy his ability to distinguish the shapes 
of objects, their character, and the precise 
points on the skin where the objects are touch¬ 
ing. Thus, the cortex is not required for percep¬ 
tion of sensation, but it does add immeasurably 
to its depth of meaning. Likewise, destruction 
of the prefrontal lobe does not destroy one’s 
ability to think, but it does destroy his ability to 
think in abstract terms. In other words, each 
time a portion of the cerebral cortex is de¬ 
stroyed, a vast amount of information is lost to 
the thinking process and some of the 
mechanisms for processing this information are 
also lost. Therefore, total loss of the cerebral 
cortex causes a vegetative type of existence 
rather than a “living” existence. 

Telencephalization. In the process of evolution, 
the higher regions of the human nervous system have 
taken over many sensory and motor functions per¬ 
formed by lower regions of the brain in lower ani¬ 
mals. For instance, if the spinal cord of an opossum 
is cut in the midthoracic region, the opossum can still 
walk perfectly well on both his forelimbs and 
hindlimbs, except that the hindlimbs are then unsyn¬ 
chronized with the forelimbs. A similar transection of 
the spinal cord in the human being causes complete 
loss of ability to use the legs for locomotion. 

This process by which the progressively higher 
centers of the brain have taken over more and more 
of the function of the lower centers is called telen¬ 
cephalization. Yet, despite telencephalization, 
some of the very basic functions of the lower centers 
still remain active or at least partially active in the 
human being, such as many of the cord reflexes and 
the stereotyped control systems of the basal regions 
of the brain that were just discussed. 
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COMPARISON OF THE NERVOUS 
SYSTEM WITH AN ELECTRONIC 
COMPUTER 

When electronic computers were first developed in 
many different laboratories of the world by as many 
different engineers, it soon became apparent that all 
these machines have many features in common with 
the nervous system. First, they all have input circuits 
which are comparable to the sensory portion of the 
nervous system and output circuits which are com¬ 
parable to the motor portion of the nervous system. 
In the conducting pathway between the inputs and 
the outputs are the mechanisms for performing the 
different types of computations. 

In simple computers, the output signals are con¬ 
trolled directly by the input signals, operating in a 
manner similar to that of the simple reflexes of the 
spinal cord. But, in the more complex computers, the 
output is determined both by the input signals and by 
information that has already been stored in the com¬ 
puter, which is analogous to the more complex reflex 
and processing mechanisms of our nervous system. 
Furthermore, as the computers become even more 
complex it is necessary to add still another unit, 
called the programming unit, which determines the 
sequence of computational operations. This unit is 
analogous to the mechanism in our brain that allows 
us to direct our attention first to one thought, then to 
another, and so forth, until complex sequences of 
thought take place. 

Figure 4—4 illustrates a simple block diagram of a 
modern computer. Even a rapid study of this diagram 
will demonstrate its similarity to the nervous system. 
Furthermore, general purpose computers designed 
and built by many different scientific groups have 
ended up with almost identically the same basic 
components. The fact that these components are 
analogous to those of the human nervous system 
demonstrates that the brain is basically a computer 
that continuously collects sensory information and 
uses this along with stored information to compute 
the daily course of bodily activity. 


FUNCTION OF NEURONAL 
SYNAPSES 

Every medical student is aware that informa¬ 
tion is transmitted in the central nervous system 
through a succession of neurons, one after 
another. However, it is not immediately appar- 
rent that the impulse may be (a) blocked in its 
transmission from one neuron to the next, (b) 
changed from a single impulse into repetitive 
impulses, or (c) integrated with impulses from 
other neurons to cause highly intricate patterns 
of impulses in successive neurons. All these 



Figure 4-4. Block diagram of a general-purpose elec¬ 
tronic computer, showing the basic components and their 
interrelationships. 


functions can be classified as synaptic functions 
of neurons. 

PHYSIOLOGIC ANATOMY OF THE 
SYNAPSE 

The juncture between one neuron and the 
next is called a synapse. Figure 4-5 illustrates 
a typical motoneuron in the anterior horn of the 
spinal cord. It is comprised of three major parts, 
the soma, which is the main body of the neuron; 
a single axon, which extends from the soma into 
the peripheral nerve; and the dendrites, which 
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are thin projections of the soma that extend up 
to 1 mm. into the surrounding areas of the cord. 

It should be noted, also, that literally hun¬ 
dreds to many thousands of small knobs called 
synaptic knobs lie on the surfaces of the den¬ 
drites and soma, approximately 80 to 90 per 
cent of them on the dendrites. These knobs are 
the terminal ends of nerve fibrils that originate 
in many other neurons, and usually not more 
than a few of the knobs are derived from any 
single previous neuron. Later it will become 
evident that many of these synaptic knobs are 
excitatory and secrete a substance that excites 
the neuron, whereas still others are inhibitory 
and secrete a substance that inhibits the neuron. 

Neurons in other parts of the cord and brain 
differ markedly from the motoneuron in (1) the 
size of the cell body, (2) the length, size, and 
number of dendrites, ranging in length from al¬ 
most none at all up to as long as one meter (the 
peripheral sensory nerve fiber), (3) the length 
and size of the axon, and (4) the number of 
synaptic knobs, which may range from only a 
few up to many thousand. It is these differences 
that make neurons in different parts of the 
nervous system react differently to incoming 
signals and therefore to perform different func¬ 
tions, as will be explained in subsequent chap¬ 
ters. 

The Synaptic Knobs. Electron microscope 
studies of the synaptic knobs show that they 
have varied anatomical forms, but most resem¬ 
ble small round or oval knobs and therefore are 
frequently called terminal knobs, boutons, 
end-feet, or simply presynaptic terminals. 

Figure 4-6 illustrates the basic structure of 
the synaptic knob (presynaptic terminal). It is 
separated from the neuronal soma by a synaptic 
cleft having a width usually of 200 to 300 
Angstroms. The knob has two internal struc- 



Figure 4—6. ^ Physiologic anatomy of the synapse. 


tures important to the excitatory or inhibitory 
functions of the synapse: the synaptic vesicles 
and the mitochondria . The synaptic vesicles of 
the excitatory knobs contain an excitatory 
transmitter , which, when released into the 
synaptic cleft, excites the neuron; the vesicles 
of the inhibitory knobs contain an inhibitory 
tjmjjjjultter that inhibits the neuron. The 
mitochondria provide ATP, which is required to 
synthesize new transmitter substance. This 
transmitter must be synthesized extremely 
rapidly because the amount stored in the vesi¬ 
cles is sufficient to last for only a few seconds to 
a few minutes of maximum activity. 

When an action potential spreads over a pre¬ 
synaptic terminal, the membrane depolarization 
causes emptying of a small number of vesicles 
into the cleft; and the released transmitter in 
turn causes an immediate change in the per¬ 
meability characteristics of the subsynaptic 
neuronal membrane, which leads to excitation 
or inhibition of the neuron, depending on the 
type of transmitter substance. 

Mechanism by Which the Synaptic Knob 
Action Potential Causes Release of Transmit¬ 
ter Vesicles. Unfortunately, we can only 
guess at the mechanism by which an action po¬ 
tential on reaching the synaptic knob causes the 
vesicles to release transmitter substance into 
the synaptic cleft. However, the number of ves¬ 
icles released with each action potential is 
greatly reduced (a) when the quantity of cal¬ 
cium ions in the extracellular fluid is di¬ 
minished, (b) when the quantity of sodium ions 
in the extracellular fluid is diminished, (c) when 
the quantity of magnesium ions in the extracel¬ 
lular fluids is increased, or (d) when the mem¬ 
brane of the synaptic knob has already been 
partially depolarized prior to transmission of 
the action potential so that the action potential 
is weaker than usual. On the basis of these 
characteristics, it has been suggested that the 
spread of the action potential over the mem¬ 
brane of the knob causes small amounts of cal¬ 
cium ions to leak into the knob. The calcium 
ions then supposedly attract the transmitter ves¬ 
icles to the membrane and simultaneously cause 
one or more of them to rupture, thus allowing 
spillage of their contents into the synaptic cleft. 

At any rate, it is known that each time an 
action potential travels over the surface of the 
synaptic knob, one or more vesicles of transmit¬ 
ter substance fire emptied into the synaptic 
cleft. It may be only one vesicle, which is the 
average, or several vesicles, depending upon 
the factors mentioned above. 
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One transmitter substance that occurs in cer¬ 
tain parts of the nervous system is acetyl¬ 
choline, as is discussed later. It has been calcu¬ 
lated that about 3000 molecules of acetylcholine 
are present in each vesicle, and enough vesicles 
are present in the synaptic knob on a neuron to 
transmit about 10,000 impulses. 

Synthesis of New Transmitter Sub¬ 
stance. Fortunately, the synaptic knobs have 
the capability of continually synthesizing new 
transmitter substance. Were it not for this abil¬ 
ity, synaptic transmission would become com¬ 
pletely ineffective within a few minutes. The 
synthesis is believed to occur mainly in the 
cytoplasm of the synaptic knobs, and then the 
newly synthesized transmitter is immediately 
absorbed into the vesicles and stored until 
needed. Thus, each time a vesicle empties its 
contents into the synaptic cleft, soon thereafter 
it becomes filled again with new transmitter. It 
is also possible that the vesicle wall itself plays 
a role in the synthesis of some of the transmit- 
ters. 

In the case of the synthesis of acetylcholine, 
this substance is synthesized from acetyl-CoA 
and choline in the presence of the enzyme 
choline acetyltransferase, an enzyme that is 
present in abundance in the cytoplasm of the 
cholinergic type of synaptic knob. When 
acetylcholine is released from the knob into the 
synaptic cleft, it is rapidly split again to acetate 
and choline by the enzyme cholinesterase that 
is adherent to the outer surface of the knob^ 
Then the choline is actively transported back 
into the knob to be used once more for synthe¬ 
sis of new acetylcholine. Thus, the vesicles are 
used again and again. But even so, both the 
vesicles and the mitochondria that supply the 
energy for transmitter synthesis eventually dis¬ 
integrate. Fortunately, new vesicles and 
mitochondria are continually transported from 
the cell soma down the axon to the synaptic 
knob, moving along the axon at a velocity of 
about 10 cm. per day, and replenishing the sup¬ 
ply in the knobs. 

The formation, release, and re-uptake of 
norepinephrine by the presynaptic terminals of 
the sympathetic nervous system will be dis¬ 
cussed in detail in Chapter 15 in relation to func¬ 
tion of the autonomic nervous system. 

Action of the Transmitter Substance on the 
Postsynaptic Neuron. The membrane of the 
postsynaptic neuron where a synaptic knob 
abuts it is believed to contain specific receptor 
molecules that bind the transmitter substance. 
These receptors are probably proteins that re¬ 


spond to the transmitter by changing their 
shapes or activities in such a way that they in¬ 
crease the membrane permeability especially to 
sodium ions when the transmitter is excitatory 
and increase the permeability to potassium and 
chloride ions when the transmitter is inhibitory. 

The ribosomes and the endoplasmic re¬ 
ticulum are both increased in the area im¬ 
mediately beneath the synapse, as illustrated by 
the density of the postsynaptic area in Figure 
4-6. It is possible that the degree of develop¬ 
ment of this postsynaptic receptor area in¬ 
creases with the intensity of activity of the 
synapse; therefore, this is possibly a means by 
which the synapse can subserve the memory 
function, as will be discussed in detail in Chap¬ 
ter 13. 


CHEMICAL NATURES OF THE 
TRANSMITTER SUBSTANCES 

The Excitatory Transmitters. From the 
discussion in Chapter 3 on the neuromuscular 
junction, a peripheral type of synapse, it will be 
recalled that the excitatory transmitter at that 
synapse is acetylcholine. It is also almost cer¬ 
tain that the excitatory transmitter at the 
synapses in the autonomic ganglia is acetyl¬ 
choline. The major reasons for believing this 
are: (a) acetylcholine-like substances will stimu¬ 
late the postganglionic neurons in the au¬ 
tonomic ganglia, (b) substances that prevent the 
destruction of acetylcholine by cholinesterase 
at the synapses will potentiate the transmission 
through the autonomic ganglia, and (c) measur¬ 
able quantities of acetylcholine can be recov¬ 
ered from fluids perfusing the autonomic ganglia 
after strong stimulation of the preganglionic 
neurons. 

In the case of the central nervous system, at 
least several, and perhaps many, different ex¬ 
citatory transmitter substances are secreted by 
different types of excitatory synaptic knobs. At 
least one of these excitatory transmitters is 
acetylcholine, but how extensively this trans¬ 
mitter is used throughout the nervous system is 
not certain. It is known that synaptic knobs in 
widespread areas of the nervous system do con¬ 
tain vesicles of acetylcholine as well as choline 
acetyltransferase, which is required for synthe¬ 
sis of acetylcholine. They also contain cholines¬ 
terase for splitting the acetylcholine after it is 
secreted into the synaptic clefts. 

Other excitatory substances for which spe¬ 
cific synthesizing enzymes have been proved in 
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different central nervous system neurons in¬ 
clude: 

1. Norepinephrine 

2. Dopamine 

3. Serotonin 

The Inhibitory Transmitters. At least two 
substances appear to be important inhibitory 
transmitters: 

1. Gamma aminobutyric acid (GABA), 
which is present especially in many brain nerve 
terminals but to less extent also in the spinal 
cord. This substance has been proved to be an 
inhibitory transmitter in some lower animals, 
thereby making it almost certain that it also acts 
as an inhibitory transmitter in mammals. 

2. Glycine, one of the simple amino acids. 
This is highly concentrated in some synaptic 
knobs in the spinal cord and probably functions 
as an inhibitory transmitter at many synapses in 
that area. 

Other Possible Transmitter Substances. 

To find an explanation for the many varied func¬ 
tions of synapses in different parts of the central 
nervous system, a vast search is under way for 
still other transmitter substances. Many sub¬ 
stances that will excite or inhibit neurons have 
been found, but none of these has been proved 
with real certainty to be a functional transmit¬ 
ter. Indeed, the exact function of even several 
of the substances already mentioned is in doubt 
with the probable exception of acetylcholine, 
norepinephrine, and dopamine. Among the still 
newer substances that have been suggested as 
possible transmitters are: 

1. Excitatory transmitters: L-glutamate and 
L-aspartate 

2. Inhibitory transmitters: taurine and 
alanine 

3. Possible excitatory or inhibitory transmit¬ 
ters under different circumstances: histamine, 
prostaglandins, and P-siibstances, which are a 
series of polypeptides that are found in the 
nervous system and that may have long-term 
excitatory or inhibitory effects on neurons. 

It is especially to be noted that some of the 
transmitter substances might have prolonged ef¬ 
fects of neuronal excitation or inhibition, 
perhaps lasting for minutes or hours. The pres¬ 
ence of these effects gives an entirely new di¬ 
mension to synaptic control over postsynaptic 
neuronal function. For instance, some of the 
small polypeptides when injected into the brain 
can at times cause prolonged sleep. 

Excitatory versus Inhibitory Neurons. A 
single neuron can secrete only one type of 
transmitter substance at its nerve terminals. 


Therefore, even though the axon from a neuron 
divides a thousand times it will still secrete only 
the one type of transmitter substance. For this 
reason a neuron that secretes an excitatory 
transmitter substance will cause excitation 
wherever the terminal fibrils synapse with the 
next neuron. These neurons are therefore called 
excitatory neurons. Likewise, the terminals of 
neurons that secrete inhibitory substance can 
cause only inhibition, and these neurons are 
called inhibitory neurons. 

ELECTRICAL EVENTS DURING 
NEURONAL EXCITATION 

The electrical events in neuronal excitation 
have been studied mainly in the large 
motoneuron of the anterior horn of the spinal 
cord. Therefore, the events to be described in 
the following few sections pertain essentially to 
these neurons. However, except for some quan¬ 
titative differences, they also apply to most 
other neurons of the nervous system as well. 

Resting Membrane Potential of tbe 
Neuronal Soma. Figure 4-7 illustrates the 
soma of a motoneuron, showing the resting 
membrane potential to be about —70 millivolts. 
This is somewhat less than the —85 millivolts 
p-found in large peripheral nerve fibers and in 
skeletal muscle fibers; the lower voltage is im¬ 
portant, however, because it allows both posi¬ 
tive and negative control of the degree of ex¬ 
citability of the neuron. That is, decreasing the 
voltage to a less negative value makes the 
membrane of the neuron more excitable, 
whereas increasing this voltage to a more nega¬ 
tive value makes the neuron less excitable. This 
is the basis of the two modes of function of the 
\j»euron—either excitation or inhibition—as we 
will explain in detail in the following sections. 

Concentration Differences of Ions Across the 
Neuronal Somal Membrane. Figure 4-7 also 
illustrates the concentration differences across 
the neuronal somal membrane of the three ions 
that are most important for neuronal function: 
sodium ions, potassium ions, and chloride ions. 

At the top, the sodium ion concentration is 
shown to be very great in the extracellular fluid 
but very low inside the neuron. This sodium 
concentration gradient is caused by a very 
strong sodium pump that continually pumps 
sodium out of the neuron. The capability of the 
pump to move sodium ions through the mem¬ 
brane is so great that it is the dominant factor in 
determining the distribution of sodium ions 
across the membrane; that is, the sodium pump 
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maintains a very low sodium concentration in¬ 
side the neuron despite slight back leakage of 
sodium through the pores, as illustrated in the 
figure. 

The figure also shows that the potassium ion 
concentration is very great inside the neuronal 
soma but very low in the extracellular fluid. It 
illustrates that there is a w e^^k nnta«;«^Tnm mimn 
that tends to pump potassium to the interior 

while there is a very high degree of permeability 

to potassium. The pump is relatively unimpor ¬ 
tant because potassium ions leak tnrough the 
neuronal somal nores so readily t hat this nu l¬ 

lities most ot the ettectiveness of the pump . 
^'heretore. tor most purposes one can consTHe r 

the membrane to be relatively highly permeable 
to potassium and the potassium pump to be of 

only slight importance 

Figure 4-7 shows the chloride ion to be of 
high concentration in the extracellular fluid but 
of low concentration inside the neuron. It also 
shows that the membrane is highly permeable to 
chloride ions and that there is no chloride 
pump. Therefore, the chloride ions become dis¬ 
tributed across the membrane passively. The 
reason for the low concentration of chloride 
ions inside the neuron is the —70 millivolts in 
the neuron. That is, this negative voltage repels 
the negatively charged chloride ions, forcing 
them outward through the pores until the con¬ 
centration difference is so great that its ten¬ 
dency to move chloride ions inward exactly 
balances the tendency of the electrical differ¬ 
ence to move them outward. That is, the 
chloride ions become distributed across the 
membrane in accordance with the Nernst equa¬ 
tion for equilibrium conditions. This equation 
was discussed in detail in Chapter 1. 

Origin of the Resting Membrane Potential of the 
Neuronal Soma. The basic cause of the -70 


millivolt resting membrane potential of the 
neuronal soma is the sodium pump. This pump 
causes the extrusion of positively charged 
sodium ions to the exterior. Since there are 
large numbers of negatively charged ions inside 
the soma that cannot diffuse through the 
membrane—protein ions, phosphate ions, and 
many others—extrusion of the positively 
charged sodium ions to the exterior leaves all 
these nondiffusible negative ions unbalanced by 
positive ions on the inside. Therefore, the inte¬ 
rior of the neuron becomes negatively charged 
as the result of the sodium pump. This principle 
was discussed in more detail in Chapter 1 in 
relation to the resting membrane potential of 
nerves. 

Uniform Distribution of the Potential Inside the 
Soma. The interior of the neuronal soma con¬ 
tains a very highly conductive electrolytic solu¬ 
tion, the intracellular fluid of the neuron. Fur¬ 
thermore, the diameter of the neuronal soma is 
very large (from 10 to 80 microns in diameter) 
causing there to be almost no resistance to con¬ 
duction of electrical current from one part of the 
somal interior to another part. Therefore, any 
change in potential in any part of the soma 
causes an almost exactly equal change in poten¬ 
tial at all other points in the soma. This is an 
important principle because it plays a major role 
in the summation of signals entering the neuron 
from multiple sources, as we shall see in sub¬ 
sequent sections of this chapter. 

Effect of Excitatory Transmitter on the 
Postsynaptic Membrane—the Excitatory 
Postsynaptic Potential. Figure 4-8A illus¬ 
trates the resting neuron with an unexcited 
synaptic knob resting upon its surface. The rest¬ 
ing membrane potential everywhere in the soma 
is —70 millivolts. 

Figure 4-8B illustrates an excitatory knob 


Figure 4-7. Distribution of sodium, potassium, and 
chloride ions across the neuronal somal membrane; ori¬ 
gin of the intrasomal membrane potential. 
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Figure 4-8. Three states of a neuron; (A) a resting 
neuron, (B) a neuron in an excited state, with increased 
intraneuronal potential caused by sodium influx, and (C) 
a neuron in an inhibited state, with decreased in¬ 
traneuronal membrane potential caused by potassium ion 
efflux. 


that has secreted an excitatory transmitter into 
the cleft between the knob and the neuronal 
somal membrane. This excitatory transmitter 
acts on the membrane receptor to increase the 
membrane’s permeability to all ions. This 
causes sodium ions in particular to flow to the 
interior of the neuron because of the large elec¬ 
trochemical gradient that tends to move sodium 
inward. 

The rapid influx of the positively charged 
sodium ions to the interior of the neuron neu¬ 
tralizes part of the negativity of the resting 
membrane potential. Thus, in Figure 4-8B the 
resting membrane potential has been increased 
from —70 millivolts to —59 millivolts. This in¬ 
crease in voltage above the normal resting 
neuronal potential—that is, to a less negative 
value—is called the excitatory postsynaptic po¬ 
tential because when this potential rises high 
enough it will elicit an action potential in the 
neuron, thus exciting it. 

However, we need to issue a word of warning 
at this point. Discharge of a single excitatory 
synaptic knob can never increase the neuronal 
potential from —70 millivolts up to —59 mil¬ 
livolts. Instead, an increase of this magnitude 
requires the simultaneous discharge of many 
excitatory knobs—tens to hundreds, usually— 


at the same time. This occurs by a process 
called summation, which will be discussed in 
detail in the following sections. 

Excitation at the Initial Segment of the 
Axon—Threshold for Excitation. When the 
membrane potential inside the neuron rises high 
enough, there comes a point that this increase 
initiates an action potential in the neuron. How¬ 
ever, the action potential does not begin on the 
somal membrane adjacent to the excitatory 
knobs. Instead, it begins in the initial segment 
of the axon. This may be explained as follows: 
Any factor that increases the potential inside 
the soma at any single point also increases this 
potential everywhere in the soma at the same 
time. Yet, because of physical differences in the 
membrane and differences in geometrical ar¬ 
rangement of the membrane in different parts of 
the neuron, the intrasomal voltage that will 
elicit an action potential is also different at dif¬ 
ferent points on the neuronal membrane. The 
most excitable part of the neuron by far is the 
initial segment of the axon—that, is the first 50 
to 100 microns of the axon beyond the point 
where it leaves the neuronal soma. The excitat¬ 
ory postsynaptic potential that will elicit an ac¬ 
tion potential at this point on the neuron is ap¬ 
proximately 11 millivolts. This is in contrast to 
approximately 30 millivolts required to elicit an 
action potential on the soma itself. Therefore, 
the new action potential originates in the initial 
segment of the axon and not on the soma. Once 
the action potential begins, it travels peripher¬ 
ally along the axon and also travels backwards 
over the soma of the neuron (it usually does not 
travel backwards very far into the dendrites, 
however). 

Thus, in Figure 4-8B, it is shown that under 
normal conditions the threshold for excitation 
of the neuron is —59 millivolts, which repre¬ 
sents an excitatory postsynaptic potential of 
+ 11 millivolts—that is, 11 millivolts more posi¬ 
tive than the normal resting neuronal potential 
of —70 millivolts. 

ELECTRICAL EVENTS IN NEURONAL 
INHIBITION 

Effect of Inhibitory Transmitter on the 
Postsynaptic Membrane—the Inhibitory 
Postsynaptic Potential. It was pointed out 
above that the excitatory transmitter increases 
the permeability of the somal membrane to all 
ions—including sodium, potassium, and 
chloride. The inhibitory transmitter, in con¬ 
trast, increases the permeability of the post- 
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synaptic membrane only to potassium and 
chloride ions. Therefore, influx of sodium ions 
does not occur. However, potassium efflux 
does occur, as illustrated in Figure 4-8C. The 
reason potassium flows outward through the 
membrane is the following: In the resting state, 
a weak potassium pump has been pumping a 
slight excess of potassium ions to the interior of 
the neuron. Therefore, there are a few too many 
potassium ions on the inside to be in an exact 
equilibrium state as described by the Nernst 
equation for equilibrium conditions. Con¬ 
sequently, opening of the pores causes outward 
diffusion of some of the excess potassium ions, 
thereby decreasing the positive ions inside the 
neuron and leaving still more of the nondiffusi- 
ble negative ions of the neuron (protein ions, 
phosphate ions, and others). This concentration 
of negative ions makes the internal potential of 
the neuron more negative than ever, as illus¬ 
trated by the -75 millivolt potential inside the 
neuron in Figure 4-8C. This is called a hyper- 
polarized state. And the 5 millivolt decrease in 
intraneuronal voltage below the normal resting 
potential of —70 millivolts caused by the inhibi¬ 
tory transmitter is called the inhibitoiy post- 
synaptic potential. 

Obviously, the increased negativity of the 
membrane potential (—75 millivolts) makes the 
neuron less excitable than it is normally. Since 
the potential must rise to —59 millivolts to ex¬ 
cite the neuron, an excitatory postsynaptic po¬ 
tential must now be 16 millivolts instead of the 
normal 11 millivolts to cause excitation. Thus, 
in this way the inhibitory transmitter inhibits 
the neuron. 

“Clamping” of the Resting Membrane Po¬ 
tential as a Means to Inhibit Neurons. Some¬ 
times, excitation of the inhibitory synaptic 
knobs does not cause an inhibitory postsynaptic 
potential, but it still inhibits the neuron. The 
reason that the potential does not change is that 
in some neurons the concentration differences 
across the membrane for both the potassium 
and the chloride ions are already exactly in 
equilibrium states in accord with the Nernst 
equation. That is, the normal resting potential is 
exactly the voltage that each of these concen¬ 
tration differences will create when the mem¬ 
brane becomes permeable to the ions. There¬ 
fore, when the inhibitory pores open, there is no 
net outward flow of potassium ions to cause an 
inhibitory postsynaptic potential. Yet, both the 
potassium and the chloride ions do diffuse 
bidirectionally through the wide open pores 
many times as rapidly as normally, and this high 


flux of these two ions inhibits the neuron in the 
following way: When excitatory knobs fire and 
sodium ions flow into the neuron, this raises the 
intraneuronal voltage far less than usual be¬ 
cause any tendency for the membrane potential 
to change to a value that is not equal to the 
Nernst potential for the potassium and chloride 
ions is immediately opposed by rapid flux of 
these ions in the appropriate directions through 
the inhibitory pores to bring the potential back 
to the Nernst value. Therefore, the amount of 
influx of sodium ions required to cause excita¬ 
tion may be increased to as much as 5 to 20 
times normal. 

This tendency for the pot assium and chloride 
ions to maintain a membrane potential neaf tfTT 

resting value when the inhibitory pores are wide 

open is called ''clamping^' of the potential " * 

t o express me pnenomenon tor clamping more 
mathematically, one needs to recall the Goldman 
equation from Chapter 1. This equation indicates 
that the membrane potential is determined by sum¬ 
mation of the tendencies for the different ions to 
carry electrical charges through the membrane in the 
two directions. The membrane potential will ap¬ 
proach the Nernst equilibrium potential for those 
ions that permeate the membrane to the greatest ex¬ 
tent. When the inhibitory pores are wide open, the 
chloride and potassium ions permeate the membrane 
very greatly. Therefore, when the excitatory knobs 
fire, it is difficult to raise the neuronal potential up to 
the threshold value for excitation. 


Presynaptic Inhibition 

In addition to the inhibition caused by in¬ 
hibitory knobs operating at the synapses, called 
postsynaptic inhibition, another type of inhibi¬ 
tion often occurs before the signal reaches the 
synapse. This type of inhibition, called pre¬ 
synaptic inhibition, is believed to occur in the 
following way: 

In presynaptic inhibition, instead of the post¬ 
synaptic neuron being inhibited, the presynap¬ 
tic terminal fibrils and synaptic knobs are inhib¬ 
ited. This inhibition is caused by the presence of 
inhibitory knobs lying directly on the terminal 
fibrils and excitatory knobs themselves. These 
presynaptic inhibitory knobs are believed to 
come from interneurons that are excited by the 
incoming afferent signals; they secrete a trans¬ 
mitter substance that partially depolarizes the 
terminal fibrils and excitatory synaptic knobs. 
Consequently, the voltage of the action poten¬ 
tial that occurs at the membrane of the excitat¬ 
ory knob is depressed, and, as has already been 
pointed out, this greatly decreases the amount 
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of excitatory transmitter released by the knob. 
Therefore, the degree of excitation of the 
neuron is greatly suppressed. 

The nature of the transmitter substance re¬ 
leased by the interneurons to cause presynaptic 
inhibition is not known. However, presynaptic 
inhibition is blocked by picrotoxin and also by 
bicuciiUine. Since these two substances also 
block the action of the inhibitory transmitter 
substance, GABA, it has been suggested that 
the transmitter substance of the knobs that 
cause the presynaptic inhibition is GABA. On 
the other hand, since GABA normally causes 
hyperpolarization rather than depolarization, 
some neurophysiologists believe that the 
transmitter substance from these interneurons 
is one of the excitatory transmitters. 

Presynaptic inhibition occurs especially at 
the more peripheral synapses of the sensory 
pathways. For instance, when an incoming sen¬ 
sory fiber to the spinal cord excites the second 
neuron in the sensory pathway, it simultane¬ 
ously causes presynaptic inhibition of the sur¬ 
rounding neurons. This “sharpens” the spatial 
boundaries of the signal transmitted to the 
brain; that is, it decreases or eliminates other 
signals on each side of the major signal so that 
the major signal stands out more clearly at its 
terminus in the brain. We shall see the impor¬ 
tance of this sharpening process, also calle d 
“ contrast enhancemen t,” in discussions of sub ¬ 
sequent chapters. 

SUMMATION OF POSTSYNAPTIC 
POTENTIALS 

Time Course of Postsynaptic Potentials. 

When the excitatory transmitter is released 
from an excitatory synaptic knob, the neuronal 
membrane becomes highly permeable for only 
about 1 millisecond. During this time sodium 
ions diffuse rapidly to the interior of the cell to 
increase the intraneuronal potential, thus creat¬ 
ing the excitatory postsynaptic potential. This 
potential then persists for about 15 milliseconds 
because this is the time required for the sodium 
ions to be pumped out or for potassium ions to 
leak out to reestablish the normal resting mem¬ 
brane potential. In the large anterior motoneu¬ 
ron, the potential disappears with a half-time of 
approximately 4 milliseconds. That is, each 4 
milliseconds it decreases by one-half. 

Precisely the same effect occurs for the in¬ 
hibitory postsynaptic potential. That is, the in¬ 
hibitory transmitter increases the permeability 
of the membrane to potassium and chloride ions 


for approximately one millisecond, and this ef¬ 
fect usually decreases the intraneuronal poten¬ 
tial to a more negative value than normal, 
thereby creating the inhibitory postsynaptic po¬ 
tential. This potential also persists for about 15 
milliseconds, disappearing with a half-time of 
approximately 4 milliseconds. 

Spatial Summation of the Postsynaptic Po¬ 
tentials. It has already been pointed out that 
excitation of a single synaptic knob on the sur¬ 
face of a neuron will almost never excite the 
neuron. The reason for this is that sufficient ex¬ 
citatory transmitter substance is released by a 
single knob to cause an excitatory postsynaptic 
potential usually no more than a fraction of a 
millivolt instead of the required 10 millivolts or 
more that is the usual threshold for excitation. 
However, during an excitatory state in a 
neuronal pool of the nervous system, many ex¬ 
citatory knobs are usually stimulated at the 
same time, and even though these knobs are 
spread over wide areas of the neuron, their ef¬ 
fects can still summate. The reason for this 
summation is the following: It has already been 
p ointed out that a change in the potential at ai^v 
single point within the soim will cause the po ¬ 

tential to change everywhere in the soma alni^t 
exactly equally . Therefore, for each excitatory 

knob that disCliarges simultaneously, the in- 
trasomal potential rises another fraction of a 
millivolt. When the excitatory postsynaptic po¬ 
tential becomes great enough, the threshold for 
firing will be reached, and an action potential 
will generate at the axon hillock. This effect is 
illustrated in Figure 4-9, which shows several 
excitatory postsynaptic potentials. The bottom 
postsynaptic potential in the figure was theo¬ 
retically caused by stimulation of only four ex- 



Figure 4-9. Excitatory postsynaptic potentials, show¬ 
ing that simultaneous firing of only a few synapses will 
not cause sufficient summated potential to elicit an action 
potential, but that simultaneous firing of many synapses 
will raise the summated potential to the threshold for 
excitation and cause a superimposed action potential. 
(The exact number of synapses firing is hypothetical.) 
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citatory knobs; then the next higher potential 
was caused by stimulation of two times as many 
knobs; finally, a still higher excitatory post- 
synaptic potential was caused by stimulation of 
four times as many knobs. This time an action 
potential was generated at the axon hillock. 

This effect of summing simulti^npnii<^ pn<;t- 
synaptic potentials created by excitation of mul- 

Uple knobs on widely spaced areas of the mem- ~ 

brane is called spatial summation. 

Temporal Summation. Most synaptic 
knobs can fire in rapid succession only a few 
milliseconds apart. Each time a knob fires, the 
released transmitter substance opens the mem¬ 
brane pores for a millisecond or so. Since the 
postsynaptic potential lasts for up to 15 mil¬ 
liseconds, a second opening of the same pore 
can increase the postsynaptic potential to a still 
greater level so that the more rapid the rate of 
knob stimulation, the greater the effective post¬ 
synaptic potential. Thus, successive postsvnap- 

t ic DOtentiak of inHiviHiial ^vnan tic knobs, i f 

they occur ranidlv enough iV. 

same way that postsynaptic potentials can 
summate trom i-r>r>Ko 

the surface of the neuro n This^ giimmQt;r>r> r>f 
rapidly repetitive postsynaptic potentials is 

called temporal summati~. 

Simultaneous Summation of Inhibitory and 
Excitatory Postsynaptic Potentials. Obvi¬ 
ously, if an inhibitory postsynaptic potential is 
tending to decrease the membrane potential to a 
more negative value while an excitatory post¬ 
synaptic potential is tending to increase the po¬ 
tential to a more positive value at the same 
time, these two effects can either completely 
nullify each other or partially nullify each other. 
Also, inhibitory “clamping” of the membrane 
potential can nullify much of an excitatory po¬ 
tential. Thus, if a neuron is currently being ex¬ 
cited by an excitatory postsynaptic potential, 
then an inhibitory signal from another source 
can easily reduce the postsynaptic potential 
below the threshold value for excitation, thus 
turning off the activity of the neuron. 

Facilitation of Neurons. Often the sum- 
mated postsynaptic potential is excitatory in na¬ 
ture but has not risen high enough to reach the 
threshold for excitation. When this happens the 
neuron is said to be facilitated. That is, its 
membrane potential is nea i<"r the thrp<;hnld for 

firing than normally, but it is not vet to the level 

ot firing. Never theless, a signal entering the 
• neuron trom some other source can then excite 
tfi^neuron very _cas iiv nit'tusi- Mtmuls i n the 
nprvrms; system oftpn farilitatp larpp prpnp^ of 


neurons so that they can respond quickly and 
easilvMo signa ls arriv ing trom secondp^ry 
sources. 

SPECIAL FUNCTIONS OF DENDRITES IN 
EXCITING NEURONS 

The Large Spatial Field of Excitation of the 
Dendrites. The dendrites of the anterior 
motoneurons extend for one-half to one mil¬ 
limeter in all directions from the neuronal soma. 
Therefore, these dendrites can receive signals 
from a fairly large spatial area around the 
motoneuron. This provides vast opportunity for 
summation of signals from many separate pre- 
synaptic neurons. 

It is also important to note that between 80 
and 90 per cent of all the synaptic knobs termi¬ 
nate on the dendrites of the anterior 
motoneuron in contrast to only 10 to 20 per cent 
terminating on the neuronal soma. Therefore, 
the preponderant share of the excitation of the 
neuron is provided by signals transmitted over 

the dendrites. 

Failure of Many Dendrites to Transmit Ac¬ 
tion Potentials. Many dendrites fail to tran s- 
miLactioh their thre sTiTTO r- 

f or excitation are very high. Yet they do trans- 
vmifelectrotonic cunent^ own the dendrites to 
the soma. (Transmission of electrotonic current 
means the direct spread of current by electrical 
conduction in the fluids of the dendrites with no 
generation of new current by action potentials.) 
Stimulation of the neuron by this current has 
special characteristics, as follows: 

Decrement of Electrotonic Conduction in the 
Dendrites—Greater Excitation Near the Soma. 

In Figure 4-10 a number of excitatory and in¬ 
hibitory knobs are shown stimulating the den¬ 
drites of a neuron. On the two dendrites to the 
left in the figure are shown excitatory effects 
near the ends of the dendrites; note the high 
levels of the excitatory postsynaptic potentials 
at these ends. However, a large share of the 
excitatory postsynaptic potential is lost before 
it reaches the soma. The reason for this is that 
the dendrites are long and thin, and their mem¬ 
branes are also very leaky to electrical current. 
Therefore, before the excitatory potentials can 
reach the soma, a large share of the potential is 
lost by leakage through the membrane. This de¬ 
crease in membrane po tpptial a s it snreads 
along dendrites toward th ^ called dp- 

cremental conduction in the dendrites. 

It is also obvious that the nearer the excita¬ 
tory knob is to the soma of the neuron, the less 
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will be the decrement of conduction from that 
point to the soma. Therefore, those knobs that 
lie near the soma have far more excitatory eF 
feet than tnose tnat lie tar away from the soma. 

I'liis IS a ViJry Irtlportani principle necessary to 

an understanding of the function of neurons in 
neuronal pools, because knobs from presynap- 
tic fibrils that terminate near the soma of the 
postsynaptic neuron always have a much higher 
chance of causing the postsynaptic neuron to 
fire than do knobs that terminate on the den¬ 
drites at a distance from the soma. 

Rapid Re-excitation of the Neuron by the Den¬ 
drites After the Neuron Fires. When an action 
potential is generated in a neuron, this action 
potential spreads back over the soma but not 
always over the dendrites. Furthermore, the 
postsynaptic potentials in the dendrites often 
remain relatively undisturbed by the action po¬ 
tential. Therefore, just as soon as the action po¬ 
tential is over, the electrical charges still exist¬ 
ing in the dendrites are ready and waiting to 
flow into the soma of the neuron and, therefore, 
ready to re-excite the neuron. Tfiiis. the den- 
d^rites have a “holding capacity” for the ex ¬ 
citatory signal trom presvnaptiusources. 

Summation of Excitation and Inhibition in 
Dendrites. The uppermost dendrite of Figure 
4-10 is shown to be stimulated by both ex¬ 
citatory and inhibitory knobs. At the tip end of 
the dendrite there is a strong excitatory post¬ 
synaptic potential, but much of this is lost by 
decremental conduction along the dendrite. 
Then near the soma two inhibitory knobs are 
stimulating the same dendrite. These inhibitory 



Figure 4-10. Stimulation of a neuron by synaptic 
knobs located on dendrites, showing, especially, decre¬ 
mental conduction of electrotonic potentials in the two 
dendrites to the left and inhibition of dendritic excitation 
in the dendrite that is uppermost. 


knobs provide a hyperpolarizing voltage in the 
dendrite that completely nullifies the excitatory 
effect and indeed transmits a small amount of 
inhibition, by decremental conduction, toward 
the soma. Thus, dend rites can summate ex- 
citatory and I nhibttn ry ^ostsvnaDt jr 
in the same wav that the soma can. In those 
instances when action potentials do develop in 
dendrites, inhibitory knobs located near the 
soma can completely block the action potentials 
and can prevent their ever entering the soma of 
the neuron. It is especially interesting that the 
inhibitory knobs tend to terminate on or near 
the soma. 

RELATION OF STATE OF EXCITATION 
OF THE NEURON TO THE RATE OF 
FIRING 

The “Central Excitatory State.” Xhe-ll^em 

t raLpYritatorv sta te’’ of neuron is defined as 
the degree of excitatory drive to the neuron . If 
^ere is a higher degree of excitation than inhibi¬ 
tion of the neuron at any given instant, then it is 
said that there is a central excitatory state. On 
the other hand, if there is more inhibition than 
excitation, then it is said that there is a central 
inhibitory state. 

A quantitative definition of the central ex¬ 
citatory state is the increase in postsynaptic po¬ 
tential above the resting membrane potential of 
the soma that would develop in the neuron if 
action potentials did not occur to interfere with 
this postsynaptic potential. Thus, a postsynap¬ 
tic potential of 5 millivolts above the resting 
membrane potential would be a central excita¬ 
tory state of 5 millivolts. A postsynaptic poten¬ 
tial of 50 millivolts above the resting membrane 
potential would be a central excitatory state of 
50 millivolts. Unfortunately, however, when a 
postsynaptic potential this high occurs, an ac¬ 
tion potential supervenes immediately so that 
the central excitatory state is then in reality a 
theoretical potential rather than an actual po¬ 
tential. 

When the central excitatory state of a neuron 
rises above the threshold for excitation, then 
the neuron will fire repetitively as long as the 
excitatory state remains at this level. However, 
the rate at which it will fire is determined by 
how much above threshold value the central 
excitatory state is. To explain this, we must first 
consider whaf happens to the neuronal somal 
potential during and following the action poten¬ 
tial. 

Changes in Neuronal Somal Potential Dur¬ 
ing and Following the Action Potential. 
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Figure 4-11. A neuronal action potential followed by a 
prolonged period of neuronal hyperpolarization. Also 
shown is the central excitatory state required for re¬ 
excitation of the neuron at given intervals after the action 
potential is over. 

Figure 4-11 illustrates an action potential 
which is initiated by an excitatory postsynaptic 
potential that rises above the threshold level of 
-59 millivolts. Following the action potential 
there is a very long positive after-potential last¬ 
ing for many milliseconds. This is a state of 
hyperpolarization during which the somal 
membrane potential falls below the normal rest¬ 
ing membrane potential of —70 millivolts. It is 
caused by a very high degree of permeability of 
the neuronal membrane to potassium ions that 
persists for many milliseconds after the action 
potential is over. Potassium ions from inside the 
neuron diffuse to the exterior carrying positive 
charges out of the neuron and, therefore, creat¬ 
ing an excessively high degree of negativity in¬ 
side the neuron. 

The importance of this state of hynerpolariza- 
tion after the action potent ial that n^nrr>r> 
remains in an inhibited state during this perio d 
of time. Therefore, a tar greater central excita - 

torv__state is required during this period of time 
than normally to cause re-excitation of the 
Ofjicna 

Relationship of Central Excitatory State to 
Rate of Firing. The curve shown at the top of 
Figure 4-11, labeled “central excitatory state 
required for re-excitation,” depicts the level of 
the central excitatory state required at each in¬ 
stant after an action potential is over to re¬ 
excite the neuron. Note that very soon after an 
action potential is over a very high central ex¬ 
citatory state is required to cause re-excitation. 
That is, a very large number of excitatory 
synaptic knobs must be firing simultaneously. 
Then, after many milliseconds have passed and 
the state of hyperpolarization of the neuron has 
begun to disappear, the central excitatory state 


required for re-excitation becomes greatly re¬ 
duced. 

Therefore, it is immediately evident that 

when the central excitatory state is high a sec- 

ond action potential vVlll Ubbt^ai very soon after 

a previous one. Still a third action potential will 

appear soon aher tne second, and this proces s' 
will continue indefinitel y. Thus, at a very high 
central excitatory state the rate of firing? of the 

neuron is great. 

On the other hand, when the central excita¬ 
tory state is only barely above threshold, the 
neuron must recover for many milliseconds be¬ 
fore it can fire again. Therefore, the rate of 
neuronal firing is very slow. 

(Note that the increase in the central excita¬ 
tory state that is required for re-excitation is far 
greater than the decrease in the neuronal poten¬ 
tial during the state of hyperpolarization. The 
reason for this is that at the same time that the 
neuron is hyperpolarized its voltage is also 
“clamped ” to a great extent by the high pe r¬ 
meability of the membrane to notassium and 
chloride ions. This clamping mechanism o f 

neuronal Hj scussed earlier inTITe 

chapter.) 

Response Characteristics of Different 
Neurons to Increasing Levels of Central Ex¬ 
citatory State. Histological study of the nerv¬ 
ous system immediately convinces one of the 
widely varying types of neurons in different 
parts of the nervous system. And, physiologi¬ 
cally, the different types of neurons perform dif¬ 
ferent functions. Therefore, as would be ex¬ 
pected, the ability to respond to stimulation by 
the presynaptic knobs varies from one type of 
neuron to another. 

Figure 4-12 illustrates theoretical responses 



Figure 4-12. Response characteristics of different 
types of neurons to progressively increasing central ex¬ 
citatory states. 
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of three different types of neurons to varying 
levels of central excitatory state. Note that 
neuron number 1 will not discharge at all until 
the excitatory state rises to 5 millivolts. Then, 
as the excitatory state rises progressively to 35 
millivolts the frequency of discharge rises to 
slightly over 500 per second. 

Neuron number 2 is quite a different type, 
having a threshold for excitation of 8 millivolts 
and a maximum rate of discharge of only 190 
per second. Finally, neuron number 3 has a high 
threshold for excitation, about 18 millivolts, but 
its discharge rate rises rapidly to over 600 per 
second as the central excitatory state rises only 
slightly above threshold. 

Thus, different neurons respond differently, 
have different thresholds for excitation, and 
have widely differing maximal frequencies of 
discharge. With a little imagination one can 
readily understand the importance of having 
neurons with many different types of response 
characteristics to perform the widely varying 
functions of the nervous system. 

SOME SPECIAL 
CHARACTERISTICS OF 
SYNAPTIC TRANSMISSION 

Forward Conduction through Synapses. 

From the above discussion, it should be evident 
by now that impulses are conducted through 
synapses only from the synaptic knobs to the 
successive neurons and never in the reverse di¬ 
rection. This is called the principle of forward 
conduction. 

Synaptic Delay. In transmission of an impulse 
from a synaptic knob to a postsynaptic neuron, a 
certain amount of time is consumed in the process of 
(a) discharge of the transmitter substance by the 
knob, (b) diffusion of the transmitter to the subsynap- 
tic neuronal membrane, (c) action of the transmitter 
on the membrane, and (d) inward diffusion of sodium 
to raise the excitatory postsynaptic potential to a 
high enough value to elicit an action potential. The 
minimal period of time required for all these events 
to take place, even when large numbers of presynap- 
tic terminals are stimulated simultaneously, is ap¬ 
proximately 0.5 millisecond. This is called the synap¬ 
tic delay. It is important for the following reason: 
Neurophysiologists can measure the minimal delay 
time between an input volley of impulses and an out¬ 
put volley and from this can estimate the number of 
series neurons in the circuit. 

Fatigue of Synaptic Transmission. When 
the presynaptic knobs are repetitively stimu¬ 


lated at a rapid rate, the number of discharges 
by the postsynaptic neuron is at first very great 
but becomes progressively less in succeeding 
milliseconds or seconds. This is csLlltd fatigue 
of synaptic transmission. Fatigue is an exceed¬ 
ingly important characteristic of synaptic func¬ 
tion, for when areas of the nervous system be¬ 
come overexcited, fatigue causes them to lose 
this excess excitability after a while. For exam- 
ple, fatigup is most important 

menns bv which the excess excitability of th e 
brain during an epileptic fit is finally subdued so 
^at the fit ceases. Thus» the development oT 
fatigue is u prot^tivr> fncrhimism 
ppgg r|^iirnnal j^rfivitv This will be discussed 
further in the description of reverberating 
neiironpl rirrnit <; in the following chapter . 

The mechanism of fatigue is mainly exhaus¬ 
tion of the stores of transmitter substance in the 
synaptic knobs, particularly since it has been 
calculated that the excitatory knobs can store 
enough excitatory transmitter for only 10,000 
normal synaptic transmissions, an amount that 
can be exhausted in only a few seconds to a few 
minutes. 

Post-Tetanic Facilitation. When a rapidly 
repetitive (tetanizing) stimulus is applied to the 
synaptic knobs for a period of time and then a 
rest period is allowed, the neuron will usually 
be even more responsive to subsequent stimula¬ 
tion than normally. This is called post-tetanic 
facilitation. 

of the most likelv expl anations of pos t- 
tpmnir facilitatio n r^p^ titive <;timiib - 

tion alters the m en^ran£.g nf thp knnhg tn 
more rapid emptying of transmitter vesicles. 

t he physiological significance of post-tetanic 
facilitation is still very doubtful, and it may 
have no real significance at all. However, since 
post-tetanic facilitation can last from a few sec¬ 
onds in some neurons to many hours in others, 
it is immediately apparent that neurons could 
possibly store information by this mechanism. 
Therefore post-tetanic facilitation might well be 
a^j o eg b a a ism of “short-term” memory in th^e 
rpntral p^ rypus system . I tiis possibility will be 
discussed at further length in Chapter 13 in rela¬ 
tion to the memory function of the cerebral cor¬ 
tex. 

Effect of Acidosis and Alkalosis on Synaptic 
Transmission. The neurons are highly responsive 
to changes in pH of the surrounding interstitial fluids. 

sis greatly increases neuronal excitability. For 
instance, a rise in arterial pk trom the normal of 7.4 
to about 7.8 often causes cerebral convulsions be- 
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cause of increased excitability of the neurons. This 
can be demonstrated especially well by having a per¬ 
son who is normally predisposed to epileptic fits 
overbreathe. The overbreathing elevates the pH of 
the blood only momentarily, but even this short 
interval can often precipitate an epileptic convulsive 
attack. 

On the other hand, acidosis greatly depresses 
neuronal activity; a fall in pH from 7.4 to below 7.0 
usually causes a comatose state. For instance, in 
very severe diabetic or uremic acidosis, coma always 
develops. 

Effect of Hypoxia on Synaptic Transmis¬ 
sion. Neuronal excitability is also highly dependent 
on an adequate supply of oxygen. Cessation of oxy¬ 
gen supply for only a few seconds can cause com¬ 
plete inexcitability of the neurons. This is often seen 
when the cerebral circulation is temporarily inter¬ 
rupted, for within 3 to 5 seconds the person becomes 
unconscious. 

Effect of Drugs on Synaptic Transmis¬ 
sion. Many different drugs are known to increase 
the excitability of neurons, and others are known to 
decrease the excitability. For instance, caffeine- 
theophylline, and theobromine, which are found in 

(^ttee, tea, and cocoa, respectively, all increase 

neuronal excitability, presumably bv reducing the 
tKreshoin rnr pYrit^tinn of the neurons. H owever, 
strychnine, which is one of the best known of all the 
agents that increase the excitability of neurons, does 
not reduce the threshold for excitation of the neurons 
at all but, Inhibits: thp nrtin n of at least som e 

of th e inhibitory transmitters on the neurons, proba¬ 
bly especially tne mniOitory ettect ot gly cine in the 
sninal cord. In consequence, the ellecis of LllB BX- 
citatory transmitter from the excitatory knobs be¬ 
come overwhelming, and the neurons become so ex¬ 
cited that they go into rapidly repetitive discharge, 
resulting in severe convulsions. 

The hypnotics and anesthetics have long been be¬ 
lieved to increase the threshold for excitation of the 
neurons and thereby to decrease neuronal activity 
throughout the body. This is based principally on the 
fact that most of the volatile anesthetics are chemi¬ 
cally inert compounds but are lipid soluble. There¬ 
fore, it has been reasoned that these substances 
might change the physical characteristics of the 
neuronal membranes, making them less excitable to 
excitatory agents. It still remains a possibility, how¬ 
eve r. that at least some hypnotics and anesthetics 
cause their anesthetic actions bv (a) reducing the ' 

q uantity of excitatory transmitter or f>n- 

na ncing the inhibitory effects of the inhibitory trans¬ 

mitter. 
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Transmission and Processing of 

Information in the 
Nervous System 


INFORMATION, SIGNALS, AND 
IMPULSES 

The term information, as it applies to the 
nervous system, means a variety of different 
things, such as knowledge, facts, quantitative 
values, intensity of pain, intensity of light, 
temperature, and any other aspect of the body 
or its immediate surroundings that has meaning. 
Thus, pain from a pin prick is information, pres¬ 
sure on the bottom of the feet is information, 
degree of angulation of the joints is information, 
and a stored memory in the brain is information. 

The primary function of the nervous system 
is (a) to transmit information from one point to 
another and (b) to process this information so 
that it can be used advantageously or so that its 
meaning can become clear to the mind. How¬ 
ever, information cannot be transmitted in its 
original form but only in the form of nerve im¬ 
pulses. Thus, a part of the body that is sub¬ 
jected to pain must first convert this information 
into nerve impulses; and specific areas of the 
brain convert abstract thoughts also into nerve 
impulses that are then transmitted either 
elsewhere in the brain or into peripheral nerves 
to motor effectors throughout the body. The ret¬ 
ina of the eye converts vision into nerve im¬ 
pulses, the nerve endings of the joints convert 
degree of angulation of the joints into nerve im¬ 
pulses, and so forth. The nerve impulses in turn 
are transmitted to the opposite ends of the 
neurons where they cause subsequent effects 


either at the synapses of other neurons or at the 
ends of motor nerves. This is what is meant by 
the transmission of information. 

Signals. In the transmission of information, 
it is frequently not desirable to speak in terms of 
the individual impulses but instead in terms of 
the overall pattern of impulses; this pattern is 
called a signal. As an example, when pressure 
is applied to a large area of skin, impulses are 
transmitted by large numbers of parallel nerve 
fibers, and the total pattern of impulses trans¬ 
mitted by all these fibers is called a signal. Thus, 
we can speak of visual signals, auditory signals, 
somesthetic sensory signals, motor signals, and 
so forth. 

TRANSMISSION OF SIGNALS IN 
NERVE TRACTS 

A signal is almost never transmitted only in a 
single nerve fiber but instead it is transmitted in 
a group of parallel fibers bound together in 
peripheral nerves or in nerve tracts in the cen¬ 
tral nervous system. 

SIGNAL STRENGTH 

Spatial Summation (Multiple Fiber Sum¬ 
mation). Figure 5-1 illustrates a sensory 
nerve leading from a segment of skin, showing 
extensive arborization of pain nerve fibers in 
the skin. A pin or other object stimulates nerve 
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stimulus stimulus stimulus 

Figure 5-1. Pattern of stimulation of pain fibers in a 
nerve trunk leading from an area of skin pricked by a pin. 


endings from a large number of different fibers, 
because each separate fiber divides and spreads 
over an area of skin sometimes as large as 5 cm. 
in diameter called the receptive field. The 
number of nerve endings from each fiber is large 
in the very center of its “field” but becomes 
less and less toward the periphery. Therefore, 
in Figure 5-1, a pin pricking the skin stimulates 
the nerve fiber strongly if the point of stimula¬ 
tion is in the center of its field of reception, but 
it stimulates the fiber only weakly if the point of 
stimulus is in the periphery of the field. 

In the lower part of Figure 5-1 is shown a 
cross-section of the nerve leading from the skin, 
showing also the fibers stimulated by the pin¬ 
prick. Note in the left-hand circle that if the 
pinprick is slight, only a single fiber is stimu¬ 
lated strongly (the black fiber in the center), and 
several immediately adjacent fibers are stimu¬ 
lated moderately (half-black fibers), while all 
other fibers are not stimulated at all. When the 
stimulus becomes more intense, the number of 
fibers strongly stimulated becomes progres¬ 
sively greater. Thus, the signal spreads to more 
and more fibers. This phenomenon is called 
spatial summation, which means simply that 
one of the means by which signals of increasing 
strength are transmitted in the nervous system 
is by utilization of progressively greater num¬ 
bers of fibers. The increase in number of fibers 
as the strength of signal increases is called re¬ 
cruitment of the additional fibers. 

Temporal Summation (Frequency Modu¬ 
lation). A second means by which signals of 
increasing strength are transmitted through 
nerve tracts is by increasing the frequency of 
nerve impulses in each fiber. This occurs in ad¬ 


dition to the increase in number of excited 
fibers. This process is called temporal summa¬ 
tion, which means simply that during any given 
interval of time, the number of impulses trans¬ 
mitted is directly related to the strength of the 
signal. 

Figure 5-2 illustrates temporal summation, 
showing in the upper part a changing strength of 
signal and in the lower part the actual impulses 
transmitted by the nerve fiber. This figure dem¬ 
onstrates that the frequency increases and de¬ 
creases with the strength of the signal. Thus, 
this is actually a process of frequency modula¬ 
tion, the frequency of impulses being “mod¬ 
ulated” in proportion to the strength of the sig¬ 
nal. 

DETECTION OF A SIGNAL AT THE 
TERMINUS OF THE NERVE PATHWAY 

The nerve signals obviously are nothing more 
than a series of pulses rather than a smooth sig¬ 
nal. However, all terminal points in the nervous 
system have means for averaging impulses and 
thereby smoothing out the signal. Let us con¬ 
sider as an example skeletal muscles. Impulses 
controlling a skeletal muscle are transmitted 
through large numbers of parallel nerve fibers. 
If 50 nerve fibers innervate a muscle and one 
impulse is transmitted per second, but nonsyn- 
chronously, the 50 separate impulses cause a 
weak but smooth contraction because the 
pulses in the different nerve fibers are spread 
out over a period of time. If each nerve fiber 
transmits 200 impulses per second, making a 
total of 10,000 pulses per second, the 10,000 
pulses give a strong and still smooth contrac¬ 
tion. 

Similar averaging processes occur in the 



Figure 5-2. Translation of signal strength into a 
frequency-modulated series of nerve impulses, showing 
above the strength of signal and below the separate nerve 
impulses. 
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central nervous system; most postsynaptic 
neurons in the nervous system receive literally 
hundreds to thousands of impulses each second 
from the presynaptic terminals, and the synap¬ 
tic membrane is capable of summating and av¬ 
eraging these impulses to give smooth changes 
in the excitatory state of the neuron, as was 
explained in the previous chapter. 

“Granularity” of the Detected Signal. Despite 
the ability of the muscles and synapses in the central 
nervous system to average impulse rates, under some 
conditions the detected signal has unwanted ripples, 
which is called granularity of the signal. Two causes 
of this are, first, slow impulse rates and, second, syn¬ 
chrony of impulses in the parallel fibers through 
which the signal is transmitted. 

A slow impulse rate causes granularity of the signal 
because of the nature of the averaging system itself. 
The synapses in the nervous system, the skeletal 
muscle, and the other signal detectors react to an 
impulse for a given period of time. Thus, the contrac¬ 
tile twitch of a typical muscle lasts about one- 
twentieth second. If a second impulse comes along 
before this twitch is over, it causes the process of 
contraction to continue. Therefore, rapidly succes¬ 
sive impulses cause smooth contraction of the mus¬ 
cle called tetanization. On the other hand, if the 
impulse rate is less than 30 per second, the muscle 
contracts in a series of twitches, and the signal is said 
to be granular. The same principles apply to the av¬ 
eraging mechanism of the central nervous system 
synapses. 

The second cause of granularity is synchrony of 
impulses in the parallel fibers transmitting the signal. 
For instance, if 100 fibers are transmitting one im¬ 
pulse per second and the impulses are spread out in 
time in the different fibers, the signal will be smooth 
despite the low impulse frequency. But if all these 
impulses are transmitted in synchrony, a very granu¬ 
lar signal will reach the detector at a frequency of one 
per second. 

Fidelity of the Temporal Pattern of a Sig¬ 
nal. The “temporal pattern” of a signal means the 
changes in signal strength with time. Unfortunately, 
extremely rapid changes in signal strengths cannot be 
transmitted through nerve pathways. The reason for 
this is that the averaging mechanisms of the detectors 
require a considerable number of impulses before the 
average can be determined. Therefore, the change in 
signal strength in the detector always lags a few mil¬ 
liseconds behind the change in signal strength in the 
nerve tract itself. 

The fidelity of the temporal pattern is different for 
different types of nerve fibers. The large type A 
myelinated nerve fibers that can transmit as many as 
2000 impulses per second are usually associated with 
rapidly responding sensory receptors and rapidly re¬ 
sponding detectors. Therefore, they can transmit 
changes in signal strengths that occur as rapidly as 
700 cycles per second (particularly those nerve fibers 
associated with the pacinian corpuscles). On the 


other hand, the minute unmyelinated type C fibers 
that transmit only a few impulses per second are usu¬ 
ally associated with slowly responding receptors and 
detectors. The frequency of varying signals transmit¬ 
ted through these pathways is often limited to as little 
as one or less than one cycle per second (as is the 
case for autonomic signals controlling the internal 
organs). 

SPATIAL ORIENTATION OF SIGNALS IN 
FIBER TRACTS 

How does the brain detect the precise posi¬ 
tion on the body that is receiving a sensory 
stimulus, and how does the brain transmit im¬ 
pulses precisely to individual skeletal muscle 
bundles? The answer to this is by transmitting 
their signals in a precise spatial pattern through 
the nerve tracts. All the different nerve tracts, 
both in the peripheral nerves and in the fiber 
tracts of the central nervous system, are spa¬ 
tially organized. For instance, in the dorsal col¬ 
umns of the spinal cord the sensory fibers from 
the feet lie toward the midline, while those 
fibers entering the dorsal columns at higher 
levels of the body lie progressively more toward 
the lateral sides of the dorsal columns. This spa¬ 
tial organization is maintained with precision 
throughout the sensory pathway all the way to 
the somesthetic cortex. Likewise, the fiber 
tracts within the brain and those extending into 
motor nerves are spatially oriented in the same 
way. 

As an example. Figure 5-3 illustrates to the 
left three separate pins stimulating the skin; to 
the right the spatial orientation of the stimulated 
fibers in the nerve are shown. Each pin in this 
example stimulates a single fiber strongly and 
adjacent fibers less strongly. This spatial orien¬ 
tation of the three separate bundles of fibers is 
maintained all the way to the cerebral cortex 
and obviously allows the brain to localize the 
three different pinpricks to their points of stimu¬ 
lation. 


TRANSMISSION AND 
PROCESSING OF SIGNALS IN 
NEURONAL POOLS 

The central nervous system is made up of lit¬ 
erally hundreds of separate neuronal pools, 
some of which are extremely small and some 
very large. For instance, the entire cerebral cor¬ 
tex could be considered to be a single large 
neuronal pool. If all the surface area of the 
cerebral cortex were flattened out, including the 
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Figure 5-3. Spatial pattern of nerve fiber stimulation in 
a nerve trunk following stimulation of the skin by three 
separate but simultaneous pinpricks. 


surfaces of the penetrating folds, the total area 
of this large flat pool would be several square 
feet. It has many separate fiber tracts coming to 
it (afferent fibers) and others leaving it (efferent 
fibers). Furthermore it maintains the same qual¬ 
ity of spatial orientation as that found in the 
nerve bundles, individual points of the cortex 
connecting with specific points elsewhere in the 
nervous system or connecting through the 
peripheral nerves with specific points in the 
body. However, within this pool of neurons are 
large numbers of short nerve fibers whereby 
signals spread horizontally from neuron to 
neuron within the pool itself. 

Other neuronal pools include the different 
basal ganglia and the specific nuclei in the 
thalamus, cerebellum, mesencephalon, pons, 
and medulla. Also, the entire dorsal gray matter 
of the spinal cord could be considered to be one 
long pool of neurons, and the entire anterior 
gray matter another long neuronal pool. Each 
pool has its own special characteristics of or¬ 
ganization which cause it to process signals in 
its own special way. It is these special charac¬ 
teristics of the different pools that allow the 
multitude of functions of the nervous system. 
Yet, despite their differences in function, the 
pools also have many similarities of function 
which are described in the following pages. 

Organization of Neurons in the Neuronal 
Pools. Figure 5^ is a schematic diagram of 
the organization of neurons in a neuronal pool, 
showing “input” fibers to the left and “output” 
fibers to the right. Each input fiber divides hun¬ 
dreds to thousands of times and provides an 
average of a thousand or more terminal fibrils 
that spread over a large area in the pool to 
synapse with the dendrites or cell bodies of the 
neurons in the pool. The area into which the 
endings of each incoming nerve fiber spread is 
called its stimulatory field. Note that each input 
fiber arborizes so that large numbers of its 


synaptic knobs lie on the centermost neurons in 
its “field,” but progressively fewer knobs lie on 
the neurons farther from the center of the field. 

Threshold and Subthreshold Stimuli— 
Facilitation. Going back to the discussion of 
synaptic function in the previous chapter, it will 
be recalled that stimulation of a single excita¬ 
tory synaptic knob almost never stimulates the 
postsynaptic neuron. Instead, large numbers of 
knobs must discharge on the same neuron either 
simultaneously or in rapid succession to cause 
excitation. For instance, let us assume that 6 
separate knobs must discharge simultaneously 
or in rapid succession to excite any one of the 
neurons in Figure 5-4. Note that input fiber 1 
contributes a total of 10 synaptic knobs to 
neuron a. Therefore, an incoming impulse in 
fiber 1 will cause neuron a to discharge. This 
same incoming fiber has two knobs on neuron b 
and three on neuron c. Neither of these two 
neurons will fire. 

Incoming nerve fiber 2 has 12 synaptic knobs 
on neuron d, three on neuron c, and two on 
neuron b. In this case, an impulse in fiber 2 
excites only neuron d. 

Though fiber 1 fails to stimulate neurons b 
and c, discharge of the synaptic knobs changes 
the membrane potentials of these neurons so 
that they can be more easily excited by other 
incoming signals. Thus, there are two types of 
stimuli that enter a neuronal pool, excitatory 
stimuli and subthreshold stimuli. A sub- 



Figure 5-4. Basic organization of a neuronal pool. 
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threshold stimulus fails to excite the neuron but 
does make the neuron more excitable to im¬ 
pulses from other sources. The neuron that is 
made more excitable but does not discharge is 
said to be facilitated. 

“Convergence” of Subthreshold Stimuli to 
Cause Excitation. Let us now assume that 
both fibers 1 and 2 in Figure 5-4 transmit con¬ 
current impulses into the neuronal pool. In this 
case, neuron c is stimulated by six synaptic 
knobs simultaneously, which is the required 
number to cause excitation. Thus, subthreshold 
stimuli can converge from several sources and 
snmmate at a neuron to cause an excitatory 
stimulus. 

Summation of Facilitation. Now, let us 
consider neuron b of Figure 5-4 when both 
input nerve fibers are stimulated. In this case 
each fiber excites two synaptic knobs on neuron 
b, but the total of four excited knobs still is not 
up to the threshold value required to excite the 
neuron. However, the degree of facilitation 
does become greatly increased so that now only 
two additional knobs excited from another 
source need fire to cause discharge. 

The “Field” of Terminals. It must be rec¬ 
ognized that Figure 5-4 represents a highly 
condensed version of the neuronal pool, for 
each input nerve fiber gives off terminals that 
spread to perhaps 100 or more separate 
neurons, and the surface of each neuron is cov¬ 
ered by many hundred or many thousand 
synapses. In the centralmost portion of ibis field 
of terminals, almost all the neurons are stimu¬ 
lated by the incoming fiber; whereas farther to¬ 
ward the periphery of the field, the neurons are 
facilitated but do not discharge. Figure 5-5 il¬ 
lustrates this effect, showing the field of a single 
input nerve fiber. The area in the neuronal pool 
in which all the neurons discharge is called the 
discharge or excited or liminal zone, and the 
area to either side in which the neurons are 
facilitated but do not discharge is called the 
facilitated or subthreshold or subliminal zone. 



} Facilitated zone 
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Figure 5-5. “Discharge” and “facilitated” zones of a 
neuronal pool. . 
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Figure 5-6. Basic neuronal circuit for facilitation or in¬ 
hibition. 


Facilitation of the Neuronal Pool by Signals 
from Accessory Sources. A neuronal pool 
frequently receives input nerve fibers from 
many different sources. Thus, in Figure 5-6 a 
neuron in a given pool receives impulses from a 
primary source and from two accessory 
sources. The nerve fiber from accessory source 
#1 is an excitatory fiber which secretes excita¬ 
tory transmitter at its synaptic knobs. If enough 
knobs from this source are stimulated, the post- 
synaptic neuron discharges. However, in many 
parts of the nervous system the accessory 
sources supply only a few nerve fibers to the 
pool, not enough usually to cause excitation but 
yet enough io facilitate the neurons. Thus, in 
Figure 5-6, if a facilitatory signal is entering 
the pool from accessory source #1, a much 
weaker than usual signal from the primary 
source is able to excite the postsynaptic neuron. 
In this way the signal from accessory source #1 
controls the ease with which signals pass from 
the primary source to the output, which ex¬ 
plains one of the means by which different parts 
of the nervous system control the degree of ac¬ 
tivity of other parts. 

Inhibition of a Neuronal Pool by Signals 
from an Accessory Source. It will be recalled 
from the previous chapter that some neurons of 
the central nervous system secrete an inhibitory 
transmitter substance instead of an excitatory 
transmitter substance. Thus, in Figure 5-6, 
stimulation of the inhibitory fibers from acces¬ 
sory source #2 strongly inhibits the neuronal 
pool so that a strong signal from the primary 
source is required to cause normal output. 

Mechanism By Which a Single Input Signal 
Can Cause both Excitation and Inhibition— 
The Inhibitory Circuit. Figure 5-7 illus¬ 
trates the so-called inhibitory circuit which can 
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Figure 5-7. Inhibitory circuit. Neuron #2 is an inhibi¬ 
tory neuron. 


change an excitatory signal into an inhibitory 
signal. In this figure the input fiber divides and 
secretes excitatory transmitter at both its end¬ 
ings. This causes excitation of both neurons I 
and 2. However, neuron 2 is an inhibitory 
neuron that secretes inhibitory transmitter at its 
terminal nerve endings. Excitation of this 
neuron therefore inhibits neuron 3. 

In short, the usual means, if not the only 
means, to cause inhibition is for a signal to be 
transmitted through an inhibitory neuron, 
which then secretes the inhibitory transmitter 
substance. 

Convergence. The term “convergence” 
means control of a single neuron by the con¬ 
verging signals from two or more separate input 
nerve fibers. One type of convergence was illus¬ 
trated in Figure 5^ in which two excitatory 
input nerve fibers from the same source con¬ 
verged upon several separate neurons to stimu¬ 
late them. This type of convergence from a 
single source is illustrated again in Figure 
5-8A. 

However, convergence can also result from 
input signals (excitatory or inhibitory) from 
several different sources, which is illustrated in 
Figure 5-8B. For instance, the interneurons of 
the spinal cord receive converging signals from 


Source 

Source # I 



SINGLE SOURCE MULTIPLE SOURCES 

A. B. 

Figure 5-8. “Convergence” of multiple input fibers on 
a single neuron: (A) Input fibers from a single source. (B) 
Input fibers from multiple sources. 


(a) peripheral nerve fibers entering the cord, (b) 
propriospinal fibers passing from one segment 
of the cord to another, (c) corticospinal fibers 
from the cerebral cortex, and (d) probably sev¬ 
eral other long pathways descending from the 
brain into the spinal cord. Then the signals from 
the interneurons converge on the motoneurons 
to control muscle function. 

Such convergence allows summation of in¬ 
formation from different sources, and the result¬ 
ing response is a summated effect of all these 
different types of information. Obviously, 
therefore, convergence is one of the important 
means by which the central nervous system 
correlates, summates, and sorts different types 
of information. 

Divergence. Divergence means that excita¬ 
tion of a single input nerve fiber stimulates mul¬ 
tiple output fibers from the neuronal pool. The 
two major types of divergence are illustrated in 
Figure 5-9 and may be described as follows: 

An amplifying type of divergence often oc¬ 
curs, illustrated in Figure 5-9A. This means 
simply that an input signal spreads to an in¬ 
creasing number of neurons as it passes through 
successive pools of a nervous pathway. This 
type of divergence is characteristic of the cor¬ 
ticospinal pathway in its control of skeletal 
muscles as follows: Stimulation of a single large 
pyramidal cell in the motor cortex transmits a 
single impulse into the spinal cord. Yet, under 
appropriate conditions, this impulse can stimu¬ 
late perhaps several hundred interneurons, and 
these in turn stimulate perhaps an equal number 
of anterior motoneurons. Each of these then 
stimulates as many as 100 to 300 muscle fibers. 
Thus, there is a total divergence, or amplifica¬ 
tion, of as much as 10,000-fold. 



DIVERGENCE IN 
SAME TRACT 


A. 



B. 


Figure 5-9. “Divergence” in neuronal pathways: (A) 
Divergence within a pathway to cause “amplification” of 
the signal. (B) Divergence into multiple tracts to transmit 
the signal to separate areas. 
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The second type of divergence, illustrated in 
Figure 5-9B, is divergence into multiple tracts. 
In this case, the signal is transmitted in two 
separate directions from the pool. This allows 
the same information to be transmitted to sev¬ 
eral different parts of the nervous system where 
it is needed. For instance, information transmit¬ 
ted in the dorsal columns of the spinal cord 
takes two courses in the lower part of the brain, 
(1) into the cerebellum and (2) on through the 
lower regions of the brain to the thalamus and 
cerebral cortex. Likewise, in the thalamus al¬ 
most all sensory information is relayed both 
into deep structures of the thalamus and to dis¬ 
crete regions of the cerebral cortex. 

TRANSMISSION OF SPATIAL 
PATTERNS THROUGH SUCCESSIVE 
NEURONAL POOLS 

Most information is transmitted from one part 
of the nervous system to another through sev¬ 
eral successive neuronal pools. For instance, 
sensory information from the skin passes first 
through the peripheral nerve fibers, then 
through second order neurons that originate 
either in the spinal cord or in the cuneate and 
gracile nuclei of the medulla, and finally through 
third order neurons originating in the thalamus 
to the cerebral cortex. Such a pathway is illus¬ 
trated at the top of Figure 5-10. Note that the 
sensory nerve endings in the skin overlap each 
other tremendously; and the terminal fibrils of 
each nerve fiber, on entering each neuronal 
pool, spread to many adjacent neurons, inner¬ 
vating perhaps 100 or more separate neurons. 
On first thought, one would expect signals from 
the skin to become completely mixed up by this 
haphazard arrangement of terminal fibrils in 
each neuronal pool. For statistical reasons, 
however, this does not occur, which can be 
explained as follows: 

First, if a single point is stimulated in the 
skin, the nerve fiber with the most nerve end¬ 
ings in that particular spot becomes stimulated 
to the strongest extent, while the immediately 
adjacent nerve fibers become stimulated less 
strongly, and the nerve fibers still farther away 
become stimulated only weakly. When this sig¬ 
nal arrives at the first neuronal pool, the 
stimulus spreads in many directions in the ter¬ 
minal fibrils of the neuronal pool. Yet the 
greatest number of excited presynaptic termi¬ 
nals lies very near the point of entry of the most 
excited input nerve fiber. Therefore, the neuron 
closest to this central point is the one that be- 


Cuneate 




CONVERGING (Inhibited) 



DISCRETE POINT TO POINT 


Figure 5-10. Typical organization of a sensory path¬ 
way from the skin to the cerebral cortex. Below; The pat¬ 
terns of fiber stimulation at different points in the path¬ 
way following stimulation by a pinprick when the path¬ 
way is (A) facilitated, (B) inhibited, and (C) normally ex¬ 
citable. 

comes stimulated to the greatest extent. 
Exactly the same effect occurs in the second 
neuronal pool in the thalamus and again when 
the signal reaches the cerebral cortex. 

Yet, it is true that a signal passing through 
highly facilitated neuronal pools could diverge 
so much that the spatial pattern at the terminus 
of the pathway would be completely obscured. 
This effect is illustrated in Figure 5-1OA, 
which shows successively expanding spatial 
patterns of neuron stimulation in such a facili¬ 
tated, diverging pathway. 

However, the degree of facilitation of the dif¬ 
ferent neuronal pools varies from time to time. 
Under some conditions the degree of facilitation 
is so low that the pathway becomes converging, 
as illustrated in Figure 5-1 OB. In this case, a 
broad area of the skin is stimulated, but the sig¬ 
nal loses part of its fringe stimuli as it passes 
through each successive pool until the breadth 
of the stimulus becomes contracted at the oppo¬ 
site end. One can achieve this type of stimula¬ 
tion by pressing ever so lightly with a flat object 
on the skin. The signal converges to give the 
person a sensation of almost a point contact. 

In Figure 5-1OC, four separate points are 
simultaneously stimulated on the skin, and the 
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degree of excitability in each neuronal pool is 
exactly that amount required to prevent either 
divergence or convergence. Therefore, a 
reasonably true spatial pattern of each of the 
four points of stimulation is transmitted through 
the entire pathway. 

Centrifugal Control of Neuronal Facilita¬ 
tion in the Sensory Pathways. It is obvious 
from the above discussion that the degree of 
facilitation of each neuronal pool must be main¬ 
tained at exactly the proper level if faithful 
transmission of the spatial pattern is to occur. 
Recent discoveries have demonstrated that the 
degrees of facilitation of most—indeed, probab¬ 
ly all—neuronal pools in the different pathways 
are controlled by centrifugal nerve fibers that 
pass from the respective sensory areas of the 
cortex downward to the separate neuronal 
pools. Thus, these nerve fibers undoubtedly 
help to control the faithfulness of signal trans¬ 
mission. 

Inhibitory Circuits to Provide Contrast in 
the Spatial Pattern. When a single point of 
the skin or other sensory area is stimulated, not 
only is a single fiber excited but a number of 
“fringe” fibers are excited less strongly at the 
same time, as already explained above. There¬ 
fore, the spatial pattern is blurred even before 
the signal begins to be transmitted through the 
pathway. However, in many pathways—if not 
all—such as in the visual pathway and in the 
somesthetic pathway, lateral inhibitory circuits 
inhibit the fringe neurons and re-establish a 
truer spatial pattern. 

Figure 5-11A illustrates this circuit, showing 
that the nerve fibers of a pathway give off col¬ 
lateral fibers that excite inhibitory neurons. 
These inhibitory neurons in turn inhibit the less 
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Figure 5-11. (A) Lateral inhibitory circuit by which an 

excited fiber of a neuronal pool can cause inhibition of 
adjacent fibers. (B) Increase in contrast of the stimulus 
pattern caused by the inhibitory circuit. 


excited fringe neurons in the signal pathway. 
The effect of this on transmission of the spatial 
pattern is illustrated in Figure 5-1 IB, which 
shows the same point-to-point transmission pat¬ 
tern that was illustrated in Figure 5-1OC. The 
left-hand pattern illustrates four strongly ex¬ 
cited fibers; penumbras of fringe excitation sur¬ 
round each of these. To the right is illustrated 
removal of the penumbras by the lateral inhibi¬ 
tory circuits; and obviously, this increases the 
contrast in the signal and helps the faithfulness 
of transmission of the spatial pattern. Unfortu¬ 
nately, we still know too little about this lateral 
inhibitory mechanism to be sure how effective it 
actually is. Furthermore, much of the lateral in¬ 
hibition results from presynaptic inhibition; this 
was discussed in the previous chapter. The pre¬ 
synaptic type of lateral inhibition is probably 
the more prevalent mechanism in more pe¬ 
ripheral areas of the nervous system, whereas 
postsynaptic inhibition is the mechanism in the 
cortical area. 

Relationship of Numbers of Fibers in a Pathway 
to the Total Amount of Spatial Information that 
Can Be Transmitted. The upper part of Figure 
5-10 illustrates that far more sensory nerve recep¬ 
tors transmit information into the spinal cord than 
there are nerve fibers to transmit the same informa¬ 
tion upward from the spinal cord to the cortex. 
Furthermore, the total number of points that can be 
recognized as individual and separate areas on the 
surface of the body is probably many times the 
number of nerve fibers in the sensory pathways as¬ 
cending the spinal cord. The question must be asked, 
can a transmission system carry more discrete bits of 
spatial information than there are nerve fibers them¬ 
selves? 

In considering once again the organization of the 
transmission pathway shown in the top of Figure 
5-10, we see that each sensory nerve fiber leads to a 
particular place in the first neuronal pool. Some 
fibers end almost directly on a second order neuron 
while others end between second order neurons. If a 
fiber lies directly on the neuron, that neuron is stimu¬ 
lated far more than the adjacent one. If the fiber lies 
between two neurons, both neurons are stimulated 
approximately equally. If the fiber lies three-quarters 
the way toward one neuron but one-quarter toward 
the second, the first neuron is stimulated perhaps 
three times as much as the second neuron. Thus, the 
spatial position of the incoming neuron can be trans¬ 
mitted by the second order neurons by the ratios of 
signal strengths in the output fibers. One ratio means 
one position, another ratio another position, and so 
forth. In this way, a large amount of information from 
many different sensory receptors probably can be 
condensed into much fewer nerve fibers. Here again, 
we do not know how highly this principle of trans¬ 
mission is developed in the nervous system. But, to 
give an example, each eye has about 125,000,000 re- 
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ceptors, and it can detect about 5,000,000 individual 
point areas in the visual field. Yet the total number of 
nerve fibers transmitting information in the optic 
nerve is believed to be only one million, many of 
which are probably concerned with other functions 
besides transmission of the spatial pattern. There¬ 
fore, we can guess that the fibers in this tract can 
carry 10 or more times as many bits of spatial infor¬ 
mation as there are fibers. 

PROLONGATION OF A SIGNAL BY A 
NEURONAL POOL— 

‘ ‘AFTER-DISCHARGE^^ 

Thus far, we have considered signals that are 
transmitted instantaneously through a neuronal 
pool. However, in many instances, a signal en¬ 
tering a pool causes a prolonged output dis¬ 
charge, called after-discharge, even after the 
incoming signal is over. The three basic 
mechanisms by which after-discharge occurs 
are as follows: 

Synaptic After-Discharge. When pre- 
synaptic terminals discharge on the surfaces of 
dendrites or the soma of a neuron, a postsynap- 
tic potential develops in the neuron and lasts for 
many milliseconds—in the anterior motoneuron 
for about 15 milliseconds, though perhaps much 
longer in other neurons. As long as this poten¬ 
tial lasts it can excite the neuron, causing it to 
transmit output impulses as was explained in 
the previous chapter. Thus, as a result of this 
synaptic after-discharge mechanism alone, it is 
possible for a single instantaneous input to 
cause a sustained signal output (a series of re¬ 
petitive discharges) lasting as long as 15 mil¬ 
liseconds. 

The Parallel Circuit Type of After- 
Discharge. Figure 5-12 illustrates a second 
type of neuronal circuit that can cause short 
periods of after-discharge. In this case, the 
input signal spreads through a series of neurons 
in the neuronal pool, and from many of these 
neurons impulses keep converging on an output 


neuron. It will be recalled that a signal is de¬ 
layed at each synapse for at least 0.5 mil¬ 
lisecond, which is called the synaptic delay. 
Therefore, signals that pass through a succes¬ 
sion of intermediate neurons reach the output 
neuron one by one after varying periods of de¬ 
lay. Therefore, the output neuron continues to 
be stimulated for many milliseconds. 

It is doubtful that more than a few dozen suc¬ 
cessive neurons ordinarily enter into a parallel 
after-discharge circuit. Therefore, one would 
suspect that this type of after-discharge circuit 
could cause after-discharges that last for no 
more than perhaps 25 to 50 milliseconds. Yet, 
this circuit does represent a means by which a 
single input signal, lasting less than 1 mil¬ 
lisecond, can be converted into a sustained out¬ 
put signal lasting many milliseconds. 

The Reverberating (Oscillatory) Circuit as 
a Cause of After-Discharge. Probably one of 
the most important of all circuits in the entire 
nervous system is the reverberating, or oscilla¬ 
tory, circuit, several different varieties of which 
are illustrated in Figure 5-13. The simplest 
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Figure 5-12. The parallel after-discharge circuit. 



Figure 5-13. Reverberatory circuits of increasing com¬ 
plexity. 
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theoretical reverberating circuit, even though 
such may not actually exist in the nervous sys¬ 
tem, is that illustrated in Figure 5-13A, which 
involves a single neuron. In this case, the out¬ 
put neuron simply sends a collateral nerve fiber 
back to its own dendrites or soma to restimulate 
itself; therefore, once the neuron should dis¬ 
charge, the feedback stimuli could theoretically 
keep the neuron discharging for a long time 
thereafter. 

Figure 5-13B illustrates a few additional 
neurons in the feedback circuit, which would 
give a longer period of time between the initial 
discharge and the feedback signal. Figure 
5-13C illustrates a still more complex system 
in which both facilitatory and inhibitory fibers 
impinge on the reverberating pool. A facilita¬ 
tory signal increases the ease with which re¬ 
verberation takes place, while an inhibitory sig¬ 
nal decreases the ease with which reverberation 
takes place. 

Figure 5-13D illustrates that most rever¬ 
berating pathways are constituted of many 
parallel fibers, and at each cell station the ter¬ 
minal fibrils diffuse widely. In such a system the 
total reverberating signal can be either weak or 
strong, depending on how many parallel nerve 
fibers are momentarily involved in the rever¬ 
beration. 

Finally, reverberation nr>t nmij- only in 

a single neuronal pool, for it can occur through ^ 
a circuit of successive pools. 

^ Characteristics of AJter-Discharge from a Re¬ 
verberating Circuit. Figure 5-14 illustrates 
postulated output signals from a reverberating 
after-discharge circuit. The input stimulus need 
last only 1 millisecond or so, and yet the output 
can last for many milliseconds or even minutes. 
The figure demonstrates that the intensity of the 
output signal increases to a reasonably high 
value early in the reverberation, then decreases 
to a critical point, and suddenly ceases entirely. 
Furthermore, the duration of the after¬ 
discharge is determined by the degree of inhibi¬ 
tion or facilitation of the neuronal pool. In this 
way, signals from other parts of the brain can 
control the reaction of the pool to the input 
stimulus. 

Almost these exact patterns of output signals 
can be recorded from the motor nerves exciting 
a muscle involved in the flexor reflex (discussed 
in Chap. 9), which is believed to be caused by 
a reverberating type of after-discharge follow¬ 
ing stimulation of a pain fiber. 

Importance of Synaptic Fatigue in Determining 
the Duration of Reverberation. It was pointed 
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Figure 5-14. Typical pattern of the output signal from 
a reverberatory circuit following a single input stimulus, 
showing the effects of facilitation and inhibition. 


out in the previous chapter that synapses 
fatigue if stimulated for prolonged periods of 
time. Therefore, one of the most important fac¬ 
tors that determines the duration of the rever¬ 
beratory type of after-discharge is probably the 
rapidity with which the involved synapses 
fatigue. Rapid fatigue would obviously tend to 
shorten the period of after-discharge and slow 
fatigue to lengthen it. 

Eutl hermore. the g reat er the number of 
neurons in the reverberarorv na t h^vny nnd t+rr ^ 
greater the number of collateral feedback fibrils . 

the easier it would be to keep the reverberation 
going. Therefore, it is to be expected that longe r 
i xverberating pathways would in general su ^ 
lain after-discharges for longer periods of time . 

Duration of Reverberation. Typical after¬ 
discharge patterns of different reverberatory 
circuits have durations from as short as 10 mil¬ 
liseconds to as long as several minutes, or 
perhaps even hours. Indeed, as will be 
explained in Chapter 12, wakefulness may be an 
example of reverberation of neuronal circuits in 
the basal region of the brain. In this theory of 
wakefulness, “arousal impulses” are pos¬ 
tulated to set off the wakefulness reverberation 
at the beginning of each day and thereby to 
cause sustained excitability of the brain, this 
excitability lasting 14 or more hours. 

CONTINUOUS SIGNAL OUTPUT FROM 
NEURONAL POOLS 

Some neuronal pools emit output signals con¬ 
tinuously even without excitatory input signals. 
At least two different mechanisms can cause 
this effect, (1) intrinsic neuronal discharge and 
(2) reverberatory signals. 

Continuous Discharge Caused by Intrinsic 
Neuronal Excitability. Neurons, like other 
excitable tissues, discharge repetitively if their 
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membrane potentials rise above certain 
threshold levels. The membrane potentials of 
some neurons are even normally high enough to 
cause these neurons to emit impulses continu¬ 
ally. This occurs especially in some of the cells 
of the cerebellum and in some of the inter¬ 
neurons of the spinal cord. The rates at which 
these cells emit impulses can be increased by 
facilitatory signals or decreased by inhibitory 
signals; the latter can sometimes decrease the 
rate to extinction. 

Continuous Signals Emitted from Rever¬ 
beration Circuits. Obviously, a reverberating 
circuit that never fatigues to extinction could 
also be a source of continual impulses. 
Facilitatory impulses entering the reverberating 
pool, as illustrated in Figure 5-13C, could in¬ 
crease the output signal, and inhibition could 
decrease or even extinguish the output signal. 

Figure 5-15 illustrates a continual output 
signal from a pool of neurons, whether it be a 
pool emitting impulses because of intrinsic 
neuronal excitability or as a result of reverbera¬ 
tion. Note that an excitatory (or facilitatory) 
input signal greatly increases the output signal, 
whereas an inhibitory input signal greatly de¬ 
creases the output. Those students who are 
familiar with radio transmitters will recognize 
this to be a carrier wave type of information 
transmission. That is, the excitatory and in¬ 
hibitory control signals are not the cause of the 
output signal, but they do control it. Note that 
this carrier wave system allows decrease in sig¬ 
nal intensity as well as increase, whereas, up to 
this point, the types of information transmission 
that we have discussed have been only positive 
information rather than negative information. 
This type of information transmission is used by 
the autonomic nervous system to control such 



Figure 5-15. Continuous output from either a rever¬ 
berating circuit or from a pool of intrinsically discharging 
neurons. This figure also shows the effect of excitatory or 
inhibitory input signals. 


functions as vascular tone, gut tone, degree of 
constriction of the iris, heart rate, and others. 

RHYTHMIC SIGNAL OUTPUT 

Many neuronal circuits emit rhythmic output 
signals—for instance, the rhythmic respiratory 
signal originating in the reticular substance of 
the medulla and pons. This repetitive rhythmic 
signal continues throughout life, while other 
rhythmic signals, such as those that cause 
scratching movements by the hind leg of a dog 
or the walking movements in an animal, require 
input stimuli into the respective circuits to in¬ 
itiate the signals. 

Rhythmic signals probably result from rever¬ 
berating pathways. One can readily understand 
that each time a signal passes around a rever¬ 
beratory loop, collateral impulses could be 
transmitted into the output pathway. Thus, the 
rhythmic respiratory signals could result from 
such a reverberatory mechanism. Indeed, a re¬ 
verberating circuit in the medulla probably does 
provide the control signals for respiration. 

Obviously, facilitatory or inhibitory signals 
can affect rhythmic signal output in the same 
way that they can affect continual signal out¬ 
puts. Figure 5-16, for instance, illustrates the 
rhythmic respiratory signal in the phrenic 
nerve. However, when the carotid body is 
stimulated by arterial oxygen deficiency, the 
frequency and amplitude of the rhythmic signal 
pattern increase progressively. 

INSTABILITY AND STABILITY 
OF NEURONAL CIRCUITS 

Almost every part of the brain connects 
either directly or indirectly with every other 
part, and this creates a serious problem. If the 
first part excites the second, the second the 
third, the third the fourth, and so on until finally 
the signal re-excites the first part, it is clear that 
an excitatory signal entering any part of the 
brain would set off a continuous cycle of re¬ 
excitation of all parts. If this should occur, the 
brain would be inundated by a mass of uncon¬ 
trolled reverberating signals—signals that 
would be transmitting no information but, 
nevertheless, would be consuming the circuits 
of the brain so that none of the informational 
signals could be transmitted. Such an effect ac¬ 
tually occurs in widespread areas of the brain 
during epileptic fits. 

How does the central nervous system prevent 
this from happening all the time? The answer 
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INCREASING CAROTID 
BODY STIMULATION 

Figure 5-16. The oscillatory output from the respira¬ 
tory center, showing that progressively increasing stimu¬ 
lation of the carotid body increases both the intensity and 
frequency of oscillation. 

seems to lie in two basic mechanisms that func¬ 
tion throughout the central nervous system: (1) 
inhibitory circuits, and (2) decremental trans¬ 
mission through synapses. 

INHIBITORY CIRCUITS AS A 
MECHANISM FOR STABILIZING 
NERVOUS SYSTEM FUNCTION 

The phenomenon of lateral inhibition that 
was discussed earlier in the chapter prevents 
signals in an informational pathway from 
spreading diffusely everywhere. In addition, 
two other types of inhibitory circuits in wide¬ 
spread areas of the brain help to prevent exces¬ 
sive spread of unwanted signals: (a) inhibitory 
feedback circuits that return from the termini of 
pathways back to the initial excitatory neurons 
of the same pathways—^these inhibit the input 
neurons when the termini become overly ex¬ 
cited, and (b) some neuronal pools that exert 
gross inhibitory control over widespread areas 
of the brain—for instance, many of the basal 
ganglia exert inhibitory influences throughout 
the motor control system. 

It is easy to understand how the inhibitory 
feedbacks can provide negative feedback sig¬ 
nals for limiting the degree of excitability when 
an area of the brain tends to become too ex¬ 
cited. Unfortunately, the inhibitory circuits do 
not seem to be widespread enough to stabilize 
nervous system function by themselves. In¬ 
stead, the equally as important (if not even 
much more important) phenomenon of decre¬ 
mental conduction through synapses stabilizes 
nervous system function. 


DECREMENTAL CONDUCTION 
THROUGH SYNAPSES AS A MEANS FOR 
STABILIZING THE NERVOUS SYSTEM 
(HABITUATION, FATIGUE) 

Decremental conduction through synapses 
means simply that the signal becomes progres¬ 
sively weaker the more prolonged the period of 
excitation. This phenomenon has often been 
cdiW^d fatigue, which is similar to the fatigue of 
synapses that was discussed in the previous 
chapter, and it has also been called habituation. 
Figure 5-17 illustrates typical decremental 
conduction, showing a muscle response during 
the so-called flexor reflex. That is, stimulation 
of the pain sensory endings in a limb causes 
reflex contraction of the flexor muscles of the 
limb, leading to withdrawal of the limb from the 
painful stimulus. However, if this stimulus is 
repeated at close intervals, as was done in Fig¬ 
ure 5-17, the response progressively de¬ 
creases. But how does this decremental con¬ 
duction, as illustrated by the decreasing re¬ 
sponse of the flexor reflex, play a role in 
stabilizing nervous system function? The an¬ 
swer to this is the following: When any given 
synapse is excited too much, the phenomenon 
of decremental conduction progressively 
depresses the signal pathway. Therefore, any 
tendency for reverberatory feedbacks to occur 
becomes automatically blocked before rever¬ 
beration can become widespread. 

Synaptic Pathways That Exhibit Decremen¬ 
tal Conduction; Those That Do Not. Fortu¬ 
nately, some synaptic pathways exhibit very lit¬ 
tle decremental conduction, whereas others 
exhibit extreme degrees. One type of pathway 
that exhibits almost no decremental conduction 



Figure 5—17. Successive flexor reflexes illustrating de¬ 
crement in conduction of the signals through the reflex 
pathway. 
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is the fast-conducting sensory pathways from 
the peripheral parts of the body to the brain, 
such as the pathways through the dorsal col¬ 
umns to the thalamus and thence to the somes- 
thetic cortex. This seems to be of purposeful 
benefit to nervous function because it allows 
faithful transmission of sensory information 
into the brain. 

On the other hand, the interconnecting links 
through the short interneurons between the 
sensory system and the motor system fre¬ 
quently exhibit extreme degrees of decremental 
conduction. This was illustrated in Figure 5-17 
for the flexor reflex pathway, because it is the 
interneurons between the sensory input and the 
motor output of the spinal cord that fatigue. At 
least in certain parts of the nervous system, this 
decremental conduction has been shown to re¬ 
sult from exhaustion of transmitter substance in 
the synaptic knobs. 

Obviously, if the connecting links between 
major portions of the nervous system exhibit 
decremental conduction, reverberatory instabil¬ 
ity in the nervous system is generally pre¬ 
vented. 

Recovery From Decremental Conduc¬ 
tion. After a major degree of decrement has 
occurred in the conductive properties of a 
synapse, the conduction recovers if an adequate 
period of rest between stimuli is allowed. Thus, 
when a pathway is not used often, it becomes 
progressively more excitable until full conduc¬ 
tion returns. 

Automatic Adjustment of Sensitivity of 
Pathways by the Decremental Conduction 
Mechanism. It is clear by now that if the ex¬ 
citability of a pathway in the nervous system is 
too great, then too many impulses will be 
transmitted and the mechanism of decremental 
conduction will automatically adjust the sen¬ 
sitivity of the pathway to a lower level. Con¬ 
versely, if the sensitivity is too low, then too 
few impulses will be transmitted, and the sen¬ 
sitivity of the system will automatically adjust 
to a higher level. Therefore, this decremental 
conduction mechanism, and its recovery during 
rest, is probably an extremely important 
mechanism for maintaining a proper balance 
among the sensitivities of the respective path¬ 
ways throughout the brain. 

ALERTING SIGNALS C^DIFFERENTIAU^ 
SIGNALS) 

A special type of output signal that occurs 
commonly in neuronal pools of the nervous sys¬ 


tem is the alerting signal. The alerting signal is a 
very strong output signal from a neuronal pool 
that occurs immediately after the input signal 
enters the pool; the alerting signal then dies 
away, however, even though the input signal 
continues indefinitely. When the input signal is 
suddenly removed, a second alerting response 
is likely to occur. 

Figure 5-18 illustrates typical alerting sig¬ 
nals that occur in the output from a retinal 
ganglion cell in response to changes in degree of 
retinal receptor stimulation. Thus, when light 
first impinges on the eye and the rods and cones 
become excited, the ganglion cells, which fire 
normally at a slow rate of about 5 per second, 
suddenly begin to fire at a much higher rate. 
However, once the signal from the rods and 
cones reaches a steady state level, the output 
signal from the ganglion cell falls back essen¬ 
tially to its original level. Nevertheless, the 
brain has been “alerted” to the onset of the 
light stimulus. Then, when the light is turned 
off, the signal from the ganglion cell falls below 
normal (actually all the way to zero, at times), 
but this too lasts for only a short time. There¬ 
fore, once again the brain is alerted to the 
change in the light stimulus. 

Similar alerting responses occur in response 
to changes in pressure on the surface of the 
body: to noise, to movement of images across 
the retinal field, to changes in pitch in the audi¬ 
tory signal, to onset of a new taste sensation, to 
onset of smell stimuli, and so forth. 

Decremental Conduction as the Cause of the Alert¬ 
ing Response, The alerting response almost 
certainly occurs from very fast decremental 
conduction through synapses. That is, at the 




Figure 5-18. '‘Differentiation” of the signal from the 
retinal receptors (rods and cones) as it passes through the 
retinal neuronal circuit. 
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onset of the input signal conduction is very 
great, but then it fades very quickly. 

Differentiation of Signals 

The two curves in Figure 5-18 illustrate that 
the output curve is very nearly the differential 
of the input curve that depicts the retinal recep¬ 
tor signal, though there is always a very slight 
lag in the differential signal. Nevertheless, it is 
clear that the nervous system does have the 
capability of “differentiating” input signals, 
which is a simple mathematical way of depicting 
changes in signals without being bothered by 
the continuous signal that lasts thereafter. In 
this way the brain can become alerted, but still, 
it can discard a tremendous amount of chaff or 
noise in the incoming signals to the nervous sys¬ 
tem after extracting most of their meaningful 
information. 

The nervous system can also differentiate 
spatial signal patterns as well as time signal pat¬ 
terns. For instance, everywhere that a sharp 
boundary in light intensity occurs on the retina 
of the eye, the retinal neuronal circuit transmits 
a very powerful signal to the brain, whereas it 
transmits only weak signals from areas of the 
retina that are illuminated with noncontrasting 
borders. Here again, this alerts the person to 
the important features of the signal. Indeed, it 
explains how it is possible for one to recognize a 
person’s image simply from a line drawing even 
though the line drawing is certainly not a true 
picture of the person. It just so happens that the 
“mind’s eye” actually sees images almost as if 
they were line drawings even when the object is 
not a series of lines. 
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Sensory Receptors and Their Basic 
Mechanisms of Action 


Input to the nervous system is provided by 
the sensory receptors that detect such sensory 
stimuli as touch, sound, light, cold, warmth, 
and so forth. The purpose of the present chapter 
is to discuss the basic mechanisms by which 
these receptors change sensory stimuli into 
nerve signals and, also, how both the type of 
sensory stimulus and its strength are detected 
by the brain. 


TYPES OF SENSORY 
RECEPTORS AND 
THE SENSORY STIMULI 
THEY DETECT 

The student of medical physiology will have 
already studied many different anatomical types 
of nerve endings, and Table 6-1 gives a list and 
classification of most of the body’s sensory re¬ 
ceptors. This table shows that there are basi¬ 
cally five different types of sensory receptors: 
{!) mechanoreceptors, which detect mechanical 
deformation of the receptor or of cells adjacent 
to the receptors; (2) thermoreceptors, which de¬ 
tect changes in temperature, some receptors de¬ 
tecting cold and others warmth; (3) nociceptors, 
which detect damage in the tissues, whether it 
be physical damage or chemical damage; (4) 
electromagnetic receptors, which detect light 
on the retina of the eye; and (5) chemorecep- 
tors, which detect taste in the mouth, smell in 
the nose, oxygen level in the arterial blood, os¬ 
molality of the body fluids, carbon dioxide con¬ 
centration, and perhaps other factors that make 
up the chemistry of the body. 


This chapter will discuss especially the func¬ 
tion of specific types of receptors, primarily the 
peripheral mechanoreceptors, to illustrate some 
of the basic principles by which receptors in 
general operate. Other receptors will be dis¬ 
cussed in relation to the sensory systems that 
they subserve, which will be presented mainly 
in the next few chapters. Figure 6-1 illustrates 
some of the different types of mechanorecep¬ 
tors found in the skin or in the deep structures 
of the body, and Table 6-1 gives their respec¬ 
tive sensory functions. All of these receptors 
will be discussed in the following chapters in 
relation to the respective sensory systems. 
However, the functions of some of these are 
described briefly, as follows: 

Free nerve endings are found in all parts of 
the body. A very large proportion of these de¬ 
tect pain. However, other free nerve endings 
detect warmth, cold, and crude touch sensa¬ 
tions. 

Several of the more complex receptors listed 
in Figure 6-1 detect tissue deformation. These 
include the Merkel’s discs, the tactile hairs, 
pacinian corpuscles, Meissner’s corpuscles, 
Krause’s corpuscles, and Ruffini’s end-organs. 
In the skin, it is these receptors that detect the 
tactile sensations of touch and pressure. In the 
deep tissues, they detect stretch, deep pressure, 
or any other type of tissue deformation—even 
the stretch of joint capsules and ligaments to 
determine the angulation of a joint. 

The Golgi tendon apparatus detects degree 
of tension in "tendons, and the muscle spindle 
detects the length of muscle. These receptors 
will be discussed in Chapter 9 in relation to the 
muscle and tendon reflexes. 
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TABLE 6-1. Classification of Sensory Receptors 


M echa no receptors 


Skin tactile sensibilities (epidermis and dermis) 
Free nerve endings 
Expanded tip endings 
Rnffini’s endings 
Merkel’s discs 
Plus several other variants 
Encapsulated endings 
Meissner’s corpuscles 
Krause’s corpuscles 
Pacinian corpuscles 
Hair end-organs 
Deep tissue sensibilities 
Free nerve endings 
Expanded tip endings 
Ruffini’s endings 
Plus a few other variants 
Encapsulated endings 
Pacinian corpuscles 
Plus a few other variants 
Specialized endings 
Muscle spindles 
Golgi tendon receptors 
Hearing 

Sound receptors of cochlea 
Equilibrium 

Vestibular receptors 
Arterial pressure 

Baroreceptors of carotid sinuses and aorta 


Therrnoreceptors 


Cold 

Probably free nerve endings 
Warmth 

Probably free nerve endings 


Nociceptors 


Pain 

Eree nerve endings 


Electromagnetic Receptors 


Vision 

Rods 

Cones 


Chemoreceptors 


Taste 

Receptors of taste buds 
Smell 

Receptors of olfactory epithelium 
Arterial oxygen 

Receptors of aortic and carotid bodies 
Osmolality 

Probably neurons of supraoptic nuclei 
Blood CO2 

Receptors in or on surface of medulla and in aortic and 
carotid bodies 

Blood glucose, amino acids, fatty acids 
Receptors in hypothalamus 


DIFFERENTIAL SENSITIVITY OF 
RECEPTORS 

The first question that must be answered is 
how do two types of sensory receptors detect 
different types of sensory stimuli? The answer 
to this: By virtue of differential sensitivities. 
That is, each type of receptor is very highly 
sensitive to one type of stimulus for which it is 
designed and yet is almost nonresponsive to 
normal intensities of the other types of sensory 
stimuli. Thus, the rods and cones are highly re¬ 
sponsive to light but are almost completely non¬ 
responsive to heat, cold, pressure on the 
eyeballs, or chemical changes in the blood. The 
osmoreceptors of the supraoptic nuclei in the 
hypothalamus detect minute changes in the os¬ 
molality of the body fluids but yet have never 
been known to respond to sound. Finally, pain 
receptors in the skin are almost never stimu¬ 
lated by usual touch or pressure stimuli but do 
become highly active the moment tactile stimuli 
become severe enough to damage the tissues. 

Modality of Sensation—Law of Specific 
Nerve Energies. Each of the principal types 
of sensation that we can experience—pain, 
touch, sight, sound, and so forth—is called a 
modality of sensation. Yet, despite the fact that 
we experience these different modalities of sen¬ 
sation, nerve fibers transmit only impulses. 
Therefore, how is it that different nerve fibers 
transmit different modalities of sensation? 

The answer to this is that each nerve tract 
terminates at a specific point in the central 
nervous system, and the type of sensation felt 
when a nerve fiber is stimulated is determined 
by this specific area in the nervous system to 
which the fiber leads. For instance, if a pain 
fiber is stimulated, the person perceives pain 
regardless of what type of stimulus excites the 
fiber. This stimulus can be electricity, heat, 
crushing, or stimulation of the pain nerve end¬ 
ing by damage to the tissue cells. Yet, whatever 
the means of stimulation, the person still per¬ 
ceives pain. Likewise, if a touch fiber is stimu¬ 
lated by exciting a touch receptor electrically or 
in any other way, the person perceives touch 
because touch fibers lead to specific touch areas 
in the brain. Similarly, fibers from the retina of 
the eye terminate in the vision areas of the 
brain, fibers from the ear terminate in the audi¬ 
tory areas of the brain, and temperature fibers 
terminate in the temperature areas. —1 

This specificity of nerve fibers for transmit¬ 
ting only one modality of sensation is called the 
law of specific nerve energies. 
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Figure 6-1. Several types of somatic sensory nerve 
endings. (Modified from Ramon y Cajal: Histology. Wil¬ 
liam Wood and Co.) 


TRANSDUCTION OF 
SENSORY STIMULI 
INTO NERVE IMPULSES 

LOCAL CURRENTS AT NERVE 
ENDINGS—RECEPTOR POTENTIALS 

All sensory receptors studied thus far have 
one feature in common. Whatever the type of 
stimulus that excites the ending, it first causes a 
local potential called a receptor potential in the 
neighborhood of the nerve endings, and it is 
local flow of current caused by the receptor po¬ 
tential that in turn excites action potentials in 
the nerve fiber. 

There are two different ways in which recep¬ 
tor potentials can be elicited. One of these is to 
deform or chemically alter the terminal nerve 
ending itself. This causes ions to diffuse through 
the nerve membrane, thereby setting up the re¬ 
ceptor potential. 


The second method for causing receptor po¬ 
tentials involves specialized receptor cells that 
lie adjacent to the nerve endings. For instance, 
when sound enters the cochlea of the ear, 
specialized receptor cells called hair cells that 
lie on the basilar membrane develop local po¬ 
tentials which are receptor potentials that 
stimulate the terminal nerve fibrils entwining 
the hair cells. 

(Some physiologists prefer to use the term 
generator potentials to designate the receptor poten¬ 
tials elicited in terminal nerve endings because the 
nerve fibers themselves actually “generate” the po¬ 
tentials, and they reserve the term “receptor poten¬ 
tials” only for those potentials that arise in 
specialized receptor cells of non-nervous tissue ori¬ 
gin such as taste cells, hair cells of the ear, and so 
forth. However, because both of these potentials 
subserve the same function and because of the con¬ 
fusion that has developed by use of two separate 
terms, it is probably best to use the single term “re¬ 
ceptor potentials” as we shall do here.) 

The Receptor Potential of the Pacinian 
Corpuscle. The pacinian corpuscle is a very 
large and easily dissected sensory receptor. For 
this reason, one can study in detail the 
mechanism by which tactile stimuli excite it and 
by which it causes action potentials in the sen¬ 
sory fiber leading from it. Note in Figure 6-1 
that the pacinian corpuscle has a central non¬ 
myelinated tip of a nerve fiber extending 
through its core. Surrounding this fiber are 
many concentric capsule layers so that com¬ 
pression on the outside of the corpuscle tends to 
elongate, shorten, indent, or otherwise deform 
the central core of the fiber, depending on how 
the compression is applied. The deformation 
causes a sudden change in membrane potential, 
as illustrated in Figure 6-2. This perhaps re¬ 
sults from stretching the nerve fiber membrane, 
thus increasing its permeability and allowing 
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Figure 6-2. Excitation of a sensory nerve fiber by a 
generator potential produced in a pacinian corpuscle. 
(Modified from Loewenstein: Ann. N.Y. Acad. Sci., 
94:510, 1961.) 
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positively charged sodium ions to leak to the 
interior of the fiber. This change in local poten¬ 
tial causes a local circuit of current flow that 
spreads along the nerve fiber to its myelinated 
portion. At the first node of Ranvier, which it¬ 
self lies inside the capsule of the pacinian cor¬ 
puscle, the local current flow initiates action po¬ 
tentials in the nerve fiber. That is, the current 
flow through the node depolarizes it, and this 
then sets off a typical saltatory transmission of 
an action potential along the nerve fiber toward 
the central nervous system, as was explained in 
Chapter 1. 

Electrotonic Nature of the Receptor Poten¬ 
tial. Note especially that the receptor potential has 
a different electrical character from the action poten¬ 
tial. It will be recalled from Chapter 1 and also from 
Chapter 4 that the action potential is a self- 
regenerative cyclic event that begins with a resting 
negative potential, then changes to a positive poten¬ 
tial and finally returns back to a negative potential. 
On the other hand, the receptor potential is an “elec¬ 
trotonic” potential that causes “tonic” flow of cur¬ 
rent without proceeding through the regenerative 
events of an action potential. It is a local potential 
just as are the end-plate potential of muscle fibers and 
the postsynaptic potential of neurons. If the receptor 
potential is great enough, it will elicit one or more 
action potentials at the first node of Ranvier. On the 
other hand, if the potential does not reach threshold 
level for excitation of an action potential, it will sim¬ 
ply exist locally and will spread only a short distance 
along the fiber; the spreading will be by the process 
of electrotonic conduction, not by means of a self- 
regenerative action potential. 

Relationship Between Receptor Potential 
and Stimulus Strength. Figure 6-3 illus¬ 
trates the effect on the amplitude of the receptor 
potential caused by progressively stronger 
stimuli applied to the central core of the pa¬ 
cinian corpuscle. Note that the amplitude in¬ 
creases rapidly at first but then progressively 
less rapidly at high stimulus strengths. The 
maximum amplitude that can be achieved by 
receptor potentials is around 100 millivolts. 
That is, a receptor potential can have almost as 
high a voltage as an action potential. 

Receptor Potentials Recorded from Other 
Sensory Receptors. Receptor potentials have 
been recorded from many other sensory recep¬ 
tors, including most notably the muscle spin¬ 
dles, the hair cells of the ear, and the rods and 
cones of the eyes and many others. In all of 
these, the amplitude of the potential increases 
as the strength of stimulus increases, but the 
additional response usually becomes progres¬ 
sively less as the strength of stimulus becomes 
great. 



(per cent) 

Figure 6-3. Relationship of amplitude of receptor 
(generator) potential to strength of a stimulus applied to a 
pacinian corpuscle. (From Loewenstein: Ann. N.Y. Acad. 
Sci., 94:510, 1961.) 

Yet, the mechanism for causing the receptor 
potential is not the same in different receptors. 
For instance, in the rods and cones of the eye 
changes in certain intracellular chemicals 
caused by exposure to light alter the membrane 
potential, resulting in the receptor potential. In 
this case, the basic mechanism eliciting the re¬ 
ceptor potential is a chemical one in contrast to 
mechanical deformation that causes the recep¬ 
tor potential in the pacinian corpuscle. In the 
case of thermal receptors, it is believed that 
changes in rates of chemical reaction at or near 
the membrane alter the membrane potential and 
thereby create a receptor potential. In the case 
of the hair cells of the ear, bending of cilia pro¬ 
truding from the hairs probably causes the re¬ 
ceptor potentials. Thus, the mechanisms for 
eliciting receptor potentials are individualized 
for each type of receptor. 

Relationship of Amplitude of Receptor Po¬ 
tential to Nerve Impulse Rate. Referring 
once again to Figure 6-2, we see that the re¬ 
ceptor potential generated in the core of the 
pacinian corpuscle causes a local circuit of cur¬ 
rent flow through the first node of Ranvier. 
When an action potential occurs at the node, 
this does not affect the receptor potential being 
emitted by the core of the pacinian corpuscle. 
Instead, the core continues to emit its current as 
long as an effective mechanical stimulus is 
applied. As a result, when the node of Ranvier 
repolarizes after its first action potential is over, 
it discharges once again, and action potentials 
continue as long as the receptor potential per¬ 
sists, which, in the case of the pacinian corpus¬ 
cle, is only a few thousandths or hundredths of 
a second. 
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The frequency of action potentials in the 
nerve fiber (impulse rate) is almost directly 
proportional to the amplitude of the receptor 
potential. This relationship is illustrated in Fig¬ 
ure 6-4, which shows the impulse rate cor¬ 
responding to different voltages of receptor 
(“generator”) potential recorded from a muscle 
spindle; there is an almost exact proportional 
relationship. This same relationship between 
receptor potential and impulse rate is approxi¬ 
mately true for most sensory receptors. 

ADAPTATION OF RECEPTORS 

A special characteristic of all sensory recep¬ 
tors is that they adapt either partially or com¬ 
pletely to their stimuli after a period of time. 
That is, when a continuous sensory stimulus is 
first applied, the receptors respond at a very 
high impulse rate at first, then progressively less 
rapidly until finally many of them no longer re¬ 
spond at all. 

Figure 6-5 illustrates typical adaptation of 
certain types of receptors. Note tha t the p?^yi- 
nian corpuscle and the receptor at the hair bases 

adapt extremely rapidly, while joint cansule and 

muscle spindle receptors adapt very slowly. 

Furthermore some sensory receptors adapt to 
a far greater extent than others. For example. 



GENERATOR POTENTIAL 

Figure 6-4. Relationship between the receptor 
(generator) potential of a muscle spindle and the fre¬ 
quency of sensory impulses transmitted from the spindle. 
[From Katz: /. Physiol. (Lond.), 111:161, 1950.] 



Figure 6-5. Adaptation of different types of receptors, 
showing rapid adaptation of some receptors and slow 
adaptation of others. 


the pacinian corpuscles adapt to “extinction” 
within a few thousandths to a few hundredths of 
a second, and the hair base receptors adapt to 
extinction within a second or more. 

Mechanisms by which Receptors Adapt. 
Adaptation of receptors is an individual prop¬ 
erty of each type of receptor in much the same 
way that development of a receptor potential is 
an individual property. For instance, in the eye, 
the rods and cones adapt by changing their 
chemical compositions (which will be discussed 
in Chapter 17). In the case of the mechan- 
oreceptors, the receptor that has been studied 
in greatest detail is the pacinian corpuscle. 
Adaptation occurs in this receptor in two ways. 
First, the corpuscular structure itself very 
rapidly adapts to the deformation of the tissue. 
This can be explained as follows: The pacinian 
corpuscle is a viscoelastic structure so that 
when a distorting force is suddenly applied to 
one side of the corpuscle it is transmitted by the 
viscous component of the corpuscle directly to 
the same side of the central core, thus eliciting a 
receptor potential. However, within a few 
thousandths to a few hundredths of a second the 
fluid within the corpuscle redistributes so that 
the pressure becomes essentially equal all 
through the corpuscle; this applies an even 
pressure on all sides of the central core fiber, so 
that the receptor potential is no longer elicited. 
Thus, a receptor potential appears at the onset 
of compression but then disappears within a 
small fraction of a second. Then, when the dis¬ 
torting force is removed from the corpuscle, es¬ 
sentially the reverse events occur. The sudden 
removal of the distortion from one side of the 
corpuscle allows rapid expansion on that side 
and a corresponding distortion of the central 
core occurs once more. Again, within mil¬ 
liseconds, the pressure becomes equalized all 
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through the corpuscle and the stimulus is lost. 
Thus, the pacinian corpuscle signals the onset 
of compression and again signals the offset of 
compression. 

The second mechanism of adaptation of the 
pacinian corpuscle results from a process of ac¬ 
commodation that occurs in the nerve fiber it¬ 
self. That is, even if by chance the central core 
fiber should continue to be excited, as can be 
achieved after the capsule has been removed 
and the core is compressed with a stylus, the tip 
of the nerve fiber itself gradually becomes “ac¬ 
commodated” to the stimulus. This perhaps re¬ 
sults from redistribution of ions across the 
nerve fiber membrane. 

Presumably, these same two general mech¬ 
anisms of adaptation apply to other types of re¬ 
ceptors. That is, part of the adaptation results 
from readjustments in the structure of the re¬ 
ceptor itself, and part results from accommoda¬ 
tion in the terminal nerve fibril. 

Function of the Poorly Adapting Re¬ 
ceptors—The “Tonic” Receptors. The 
poorly adapting receptors (receptors that adapt 
very slowly and do not adapt to extinction) con¬ 
tinue to transmit impulses to the brain as long as 
the stimulus is present (or at least for many 
minutes or hours). Therefore, they keep the 
brain constantly appraised of the status of the 
body and its relation to its surroundings. For 
instance, impulses from the slowly adapting 
joint capsule receptors allow the person to 
“know” at all times the degree of bending of the 
joints and therefore the positions of the dif¬ 
ferent parts of his body. And impulses from the 
muscle spindles and Golgi tendon apparatuses 
allow the central nervous system to know re¬ 
spectively the status of muscle contraction and 
the load on the muscle tendon at each instant. 

Other types of poorly adapting receptors in¬ 
clude the receptors of the macula in the vestibu¬ 
lar apparatus, the sound receptors of the ear, 
the pain receptors, the pressoreceptors of the 
arterial tree, the chemoreceptors of the carotid 
and aortic bodies, and some of the tactile recep¬ 
tors, such as the Ruffini endings and the Mer¬ 
kel’s discs. 

Because the poorly adapting receptors can 
continue to transmit information for many 
hours, they are also called tonic receptors. It is 
probable that many of these poorly adapting re¬ 
ceptors would adapt to extinction if the inten¬ 
sity of the stimulus should remain absolutely 
constant over many days. Fortunately, because 
of our continually changing bodily state, the 
tonic receptors could almost never reach a state 
of complete adaptation. 


Function of the Rapidly Adapting Re¬ 
ceptors—Thriffntn Movement 

Receptors or fhasic Receptors. V Obviously, 
receptors that aaapi rapidly cannot be used to 
transmit a continuous signal because these re¬ 
ceptors are stimulated only when the stimulus 
strength changes. Vpt fh^v react strongly while 
a ch^n ^eisactuallv takinc nlacp. Furthermore ~ 
the number of impulses transmitted is directly 
related to the r ate at which the chan ce takes 
Therefore, these receptors are called rate 
receptors, movement receptors, or phasic re¬ 
ceptors. Thus, in the case of the pacinian cor¬ 
puscle , sudden pressure applied to the skin ex- 
cites this receptor for a tew milliseconds, ancT 
then us exciiaiion is over even tnou^n tne pre^ 

sure continues. But tnen it transmits a signal 

again when the pressure is released. In other 

words, the pacinian corpuscle is exceeaingi y 

important in transmitting information abou t 
rapid changes in pressure against tne body, bu t 

it is useless in transmitting information abou t 

constant pressure applied to the body. 

Importance oj me Kaie Recepiors-i neir Predic¬ 
tive Function. If one knows the rate at which 
some change in his bodily status is taking place, 
he can predict ahead to the state of the body a 
few seconds or even a few minutes later. For 
instance, the receptors of the semicircular ca¬ 
nals in the vestibular apparatus of the ear detect 
the rate at which the head begins to turn when 
one runs around a curve. Using this informa¬ 
tion, a person can predict that he will turn 10, 
30, or some other number of degrees within the 
next 10 seconds, and he can adjust the motion 
of his limbs ahead of time to keep from losing 
his balance. Likewise, pacinian corpuscles lo¬ 
cated in or near the joint capsules help to detect 
the rates of movement of the different parts of 
the body. Therefore, when one is running, in¬ 
formation from these receptors allows the nerv¬ 
ous system to predict ahead of time where the 
feet will be during any precise fraction of a sec¬ 
ond, and appropriate motor signals can be 
transmitted to the muscles of the legs to make 
any necessary anticipatory corrections in limb 
position so that the person will not fall. Loss of 
this predictive function makes it impossible for 
the person to run. 


PSYCHIC INTERPRETATION 
OF STIMULUS STRENGTH 

The ultimate goal of most sensory stimulation is to 
appraise the psyche of the state of the body and its 
surroundings. Therefore, it is important that we dis- 
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cuss briefly some of the principles related to the 
transmission of sensory stimulus strength to the 
higher levels of the nervous system. 

The first question that comes to mind is, “How is it 
possible for the sensory system to transmit sensory 
experiences of tremendously varying intensities?” 
For instance, the auditory system can detect the 
weakest possible whisper but can also discern the 
meanings of an explosive sound only a few feet away, 
even though the sound intensities of these two ex¬ 
periences can vary as much as a trillion-fold; the eyes 
can see visual images with light intensities that vary 
as much as a million-fold; or the skin can detect pres¬ 
sure differences of ten thousand- to one hundred 
thousand-fold. 

As a partial explanation of these effects, note in 
Figure 6-3 the relationship of the receptor potential 
(“generator” potential) produced by the pacinian 
corpuscle to the strength of stimulus. At low stimulus 
strength, very slight changes in stimulus strength in¬ 
crease the potential markedly; whereas at high levels 
of stimulus strength, further increases in receptor po¬ 
tential are very slight. Thus, the pacinian corpuscle is 
capable of accurately measuring extremely minute 
changes in stimulus strength at low intensity levels 
and is also capable of detecting much larger changes 
in stimulus strength at high intensity levels. 

The transduction mechanism for detecting sound 
by the cochlea of the ear illustrates still another 
method for separating gradations of stimulus inten¬ 
sity. When sound causes vibration at a specific point 
on the basilar membrane, weak vibration stimulates 
only those hair cells in the very center of the vibra¬ 
tory point. But, as the vibration intensity increases, 
not only do the centralmost hair cells become more 
intensely stimulated, but hair cells in each direction 
farther away from the central point also become 
stimulated. Thus, signals transmitted over progres¬ 
sively increasing numbers of cochlear nerve fibers as 
well as increasing intensity of signal strength in each 
nerve fiber are two mechanisms by which stimulus 
strength is transmitted into the central nervous sys¬ 
tem. These two mechanisms, which multiply each 
other, make it possible for the ear to operate reason¬ 
ably faithfully at stimulus intensity levels changing as 
much as a trillion-fold. 

Importance of the Tremendous Intensity Range 
of Sensory Reception. Were it not for the tre¬ 
mendous intensity range of sensory reception that we 
can experience, the various sensory systems would 
more often than not operate in the wrong range. This 
is illustrated by the attempt of most persons to adjust 
the light exposure on a camera without using a light 
meter. Left to intuitive judgment of light intensity, a 
person almost always overexposes the film on very 
bright days and greatly underexposes the film at 
twilight. Yet, his eyes are perfectly capable of dis¬ 
criminating with great detail the objects around him 
in both very bright sunlight and at twilight; the cam¬ 
era cannot do this because of the narrow critical 
range of light intensity required for proper exposure 
of film. 


JUDGMENT OF STIMULUS STRENGTH 

Physiopsychologists have evolved numerous 
methods for testing one’s judgment of sensory 
stimulus strength, but only rarely do the results from 
the different methods agree with each other. For in¬ 
stance, one testing method requires a person to select 
a weight that is exactly 100 per cent heavier than 
another. But he usually selects a weight that is about 
50 per cent heavier instead of 100 per cent heavier. 
Thus, the weak stimulus is underestimated and the 
strong stimulus is overestimated. In still another test 
procedure, a person is given a weight to hold and is 
then required to select the minimum amount of addi¬ 
tional weight that must be added for him to detect a 
difference. In this case he might be holding a 50 gram 
weight and find out that an additional 5 grams are 
necessary to detect a difference. Then he holds a 500 
gram weight and finds that 50 grams of additional 
weight are required. In this instance the discrimina¬ 
tory ability is far greater at the low intensity level 
than at the high intensity level. Thus, the results of 
these two different types of tests are exactly opposite 
to each other, which means that the real argument 
lies in the meaning of the tests themselves. There¬ 
fore, at present no real agreement exists as to a prop¬ 
er method for measuring one judgment of stimulus 
strength. Vpt twn principle s are wi dely discussed in 
the DhvsioDsvchology field of sensory interpretation : 

r-Fedinej^ prmci ple and the po wer princi- 

ple. 

The Weber-Fechner Principle—Detection of 
“Ratio” of Stimulus Strength. In the mid- 
eighteen-hundreds, Weber first and Fechner later 
proposed the principle that gradations of stimu lus 
strensth are discriminated approximately in propor ¬ 

tion to the logarithm of stimulus strength . This law is 
based primarily on one’s ability to judge minimal 
changes in stimulus strength that can be detected, 
utilizing the second test described in the previous 
section; that is, in this example just given, a person 
can barely detect a 5 gram increase in weight when 
holding 50 grams, or a 50 gram increase when holding 
500 grams. Thus, the ratio o f the change in stimulus 
strength required for Der 9ention of a ehanpe: remains 
essentially constant, which is what the logarithmic 

principle means. ~ 

Because the Weber-Fechner principle offers a 
ready explanation for the tremendous range of 
stimulus strength that our nervous system can dis¬ 
cern, it unfortunately became widely accepted for all 
types of sensory experience and for all levels of 
background sensory intensity. More recently it has 
become evident that this principle applies mainly to 
higher levels of visual, auditory, and cutaneous sen¬ 
sory experience and that it applies only poorly to 
most other types of sensory experience. 

Yet, the Weber-Fechner principle is still a good 
one to remember because it emphasizes that the 
greater the background sensory stimulus, the greater 
also must be the additional change in stimulus 
strength in order for the psyche to detect the change. 
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Figure 6-6. Graphical demonstration of the “power 
law” relationship between actual stimulus strength and 
strength that the psyche interprets it to be. Note that the 
power law does not hold at either very weak or very 
strong stimulus strengths. 

The Power Law. Another attempt by physio- 
psychologists to find a good mathematical relation¬ 
ship between actual stimulus strength and interpreta¬ 
tion of stimulus strength is the following formula, 
known as the power law: 

. y 

Interpreted strength = K • (Stimulus strength) 

In this formula K is a constant, and y is the power 
to which the stimulus strength is raised. The expo¬ 
nent y and the constant K are different for each type 
of sensation. 

When this power law relationship is plotted on a 


graph using double logarithmic coordinates, as illus¬ 
trated in Figure 6-6, a linear curve can be attained 
between interpreted stimulus strength and actual 
stimulus strength over a large range. However, as 
illustrated in the figure, even this power law relation¬ 
ship fails to hold satisfactorily at both low and high 
stimulus strengths. 

Unfortunately, the power law is not of great 
philosophical importance for a very simple math¬ 
ematical reason. Almost any curve (even the curve of 
a hill) that has a progressive change in slope in the 
same direction can be fitted over most of its range to 
the power law equation, provided one simply finds 
proper values for the exponent y and constant K. 
Therefore, use of the power law is more an exercise 
in mathematical curve fitting than it is a valuable tool 
in understanding sensory experience. 


PHYSIOLOGICAL CLASSIFICATION 
OF NERVE FIBERS 

Unfortunately, two separate classifications of 
nerve fibers are in general use. The first of these is a 
general classification given in Table 6-2. The fibers 
are divided into types A, B, and C; and the type A 
fibers are further subdivided into a, (3, y, and 8 fibers. 

Type A fibers are th e typical myelinated fibers of 
spinal nerves, i ne fvne B fibers dltter from very 

small type A fibers only in the fact tha t they do not 
dlirplny cl lld ^cillVe aiier-poteniiai lollowing stimula- 

{Toll. "pBWdVer. Ihev also a re myelmate^hke type A 

They are the preganglionic autonomic nerve 
hbers. ' " "" 

Type, C fibers are the very s mall unmyelinated 
nerve fibers that conduc t impu lses at low velocities. 
" ITiese constitute more man nan me sensory fibers in 


TABLE 6-2. Properties of Different Mammalian Nerve Fibers 


Typ e of 
Fiber 

Diameter 
of Fiber 

Velocity of 
Conduction 
(meterslsec.) 

Duration 
of Spike 
{msec.) 

Duration of 
Negative 
After-potential 
{msec.) 

Duration of 
Positive 
After-potential 
{msec.) 

Function 

A (a) 

13-22 

70-120 

0.4-0.5 

12-20 

40-60 

Motor, muscle proprioceptors 

A()8) 

8-13 

40-70 

0.4-0.6 

(?) 

(?) 

Touch, pressure, kinesthesia 

A (y) 

4-8 

15-40 

0.5-0.7 

(?) 

(?) 

Touch, motor excitation of muscle 
spindles 

A (8) 

1-4 

5-15 

0.6-1.0 

(?) 

(?) 

Pain, heat, cold, pressure 

B 

1-3 

3-14 

1.2 

None 

100-300 

Prega nglionic auto nom ic 

C 

0.2-1.0 

0.2-2 

2.0 

50-80 

300-1000 

Pain, itch, heat(?), cold(?), 
pressure(?), postganglionic 
autonomic, smell 


Compiled from various sources but mainly from Grundfest. 
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most peripheral nerves and also all of the post¬ 
ganglionic autonomic fibers. 

The sizes, velocities of conduction, and functions 
of the different nerve fibers are given in Table 6-2. 
Note that the very large fibers can transmit impulses 
at velocities as great as 120 meters per second, a 
distance in one second that is longer than a football 
field. On the other hand, the smallest fibers transmit 
impulses as slowly as 0.2 meter per second, requiring 
several seconds to go from the big toe to the spinal 
cord. 

O ver two-thirds of all the nerve fibers in periphera l 
nerves are type O fibers. Because of their great 
number, these can transmit tremendous amounts of 
information from the surface of the body, even 
though their velocities of transmission are very slow. 
Utilization of type C fibers for trans mitting this great 
niT^s^ ol: mtormation represents an important 
economy ot space in the nerves, for iise of tvne_A 
fibers would require nerinh ^ral 
l arge rones and a spinal c ord almost as large as t he 
body itseit. 

Alternate Classification Used by Sensory 
Physiologists. Certain recording techniques have 
made it possible to separate the type Aa fibers into 
two subgroups; and, yet, these same recording 
techniques cannot distinguish easily between A/3 and 
Ay fibers. Therefore, the following classification is 
frequently used by sensory physiologists: 

GROUP I A. Fibers from the annulospiral end¬ 
ings of muscle spindles. (About 17 microns in diame¬ 
ter. These are alpha type A fibers in the classification 
of Table 6-2.) 

GROUP / B. Fibers from the Golgi tendon ap¬ 
paratuses. (About 16 microns in diameter; these also 
are alpha type A fibers.) 

GROUP IL Fibers from the discrete cutaneous 
tactile receptors and also from the flower-spray end¬ 
ings of the muscle spindles. (Average about 8 mi¬ 
crons in diameter; these are beta and gamma type A 
fibers in the other classification.) 

GROUP III. Fibers carrying temperature, crude 
touch, and pain sensations. (Average about 3 mi¬ 
crons in diameter; these are delta type A fibers in the 
other classification.) 

GROUP IV. Unmyelinated fibers carrying pain, 
itch, crude temperature, and crude touch sensations. 
(0.2 to 1 micron in diameter; called type C fibers in 
the other classification.) 
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Somatic Sensations: I. The 
Mechanoreceptive Sensations 


The somatic senses are the nervous 
mechanisms that collect sensory information 
from the body. These senses are in contradis¬ 
tinction to the special senses, which mean spe¬ 
cifically sight, hearing, smell, taste, and equilib¬ 
rium. 

CLASSIFICATION OF SOMATIC 
SENSATIONS 

The somatic senses can be classified into 
three different physiological types: M) the 
mechanorecentive somatic senses, stimulated 

by mechanical displacement of some tissue of 
the body, (2) the thermoreceotive senses, w hirh 
detect heat and cold, and (3) the pnin .^pnsp. 

which IS activated bv any factor that damage s 

tne tissues. The present chanter deals with the 
mechanoreceptive somatic senses, and the fol¬ 
lowing chapter deals with the thermoreceptive 
and pain senses. 

The mechanoreceptive senses inr.lnde tnurh. 
aressure. and vi hfntinn C^ng^g fr(^. 

Q uentlv called the r>nd-thp 

kinesthetic sense, which determines the relativ e 

posit ions and rates of movement of the differen t 
urni,s dl the body . 

Other (Jlassilications of Somatic Sensa¬ 
tions. Different physiological types of somatic sen¬ 
sations are grouped together in special classes that 
are not necessarily mutually exclusive, as follows: 
Exteroceptive sensations are those from the sur - 
nt 

Proprioceptive sensations are those having to do 
wTtliLthe- nhvsical state o f hoHy inrinding 
Rmesthetic sensations, possible tendon and muscle 


Lensations. pressure sensations from the bottom of 

he feet , and even the sensation of equilibrium, which 
generally considered to be a ''special” sensation 


rather than a somatic sensation. 

''isceral sensations are those from the viscera of 


ith 

% 


the hodv: m using this term one usually refers sne*::" 


cificallv to sensations from the internal organs. 

The deep sensations are those that come from the 

deep tissues, sucn as trom me Done, tasciae, and so 

rortn. these inciuae mainly ''deep” pressure, pain, 
and vibration. 


DETECTION AND 
TRANSMISSION OF 
TACTILE SENSATIONS 

Interrelationship Between the Tactile Sen¬ 
sations of Touch, Pressure, and Vibra¬ 
tion. Though touch, pressure, and vibration 
are frequently classified as separate sensations, 
they are all detected by the same types of recep¬ 
tors. The only differences among these three 
types of sensations are (1) touch sensation gen¬ 
erally results from stimulation of tactile recep¬ 
tors in the skin or in tissues immediately be¬ 
neath the skin, (2) pressure sensation generally 
results from deformation of deeper tissues, and 
(3) vibration sensation results from rapidly re¬ 
petitive sensory signals, but some of the same 
types of receptors as those for both touch and 
pressure are utilized—specifically the rapidly 
adapting types of receptors. 

The Tactile Receptors. At least six entirely 
different types of tactile receptors are known, 
but many more similar to these probably also 
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exist. Some of these receptors were illustrated 
in Figure 6-1 of Chapter 6, and their special 
characteristics are the following: 

First, some free nerve endinss, which ar e 

f ound everywhere in the skin and in many othe r 

tissues, can detect touch and pressure. For in¬ 
stance, even light contact with the cornea of the 
eye, which contains no other type of nerve end¬ 
ing besides free nerve endings, can nevertheless 
elicit touch and pressure sensations. 

Rprnnd ^ a tniirh receptor of Special sensitiv- 
ity is Meissner s cdl*pU}iCU, hh encapsulated 

n erve ending that excites a large myelinated 

sensory nerve fibe r. Inside the capsulation are 

many whorls ot terminal nerve filaments. These 
receptors are particularly abundant in the 
fingertips, lips, and other areas of the skin 
where one’s ability to discern spatial charac¬ 
teristics of touch sensations is highly de¬ 
veloped. These receptors, along with the ex¬ 
panded tip receptors described subsequently, 
are probably responsible for the ability to rec¬ 
ognize exactly what point of the body is 
touched and to recognize the texture of objects 
touched. Meissner’s corpuscles probably adapt 
within a second or perhaps even less after they 
are stimulated, which means that they are par¬ 
ticularly sensitive to movement of very light ob¬ 
jects over the surface of the skin and also to 
low-frequency vibration. 

Third, the fingertips and other areas that con¬ 
tain large numbers of Meissner’s corpuscles 
also contain expanded tip tactile receptors, one 
t ype of which is Merkel's discs. These recentor^ 

differ fr om Mpi ssner’s corpuscles in that they 

transmit an initial strong but partially adapting 

signal and then a continuing weak er <;Tgnal that 

ddapts only slowly . Therefore, they are proba¬ 
bly responsible for giving steady state signals 
that allow one to determine continuous touch of 
objects against the skin. The hairy parts of the 
body contain almost no Meissner’s corpuscles 
but do contain a few expanded tip receptors. 

Fourth, slight movement of any hair on the 
body stimulates the nerve fiber entwining its 
base. TJius, each hair and its basal nerve fibe r. 
called the hair end-organ, is also a type oftouch 
receptor. This receptor adapts readily an^ 
therefore, like IVIei«^^npr’c rlete,ct<; 

mainly movement of objects on the surface of 
^he hoHv^ 

Fifth, located in the deeper layers of the skin 
and also in deeper tissues of the body are many 
Riiffini’s end-or pans^ uTfichare miiltibranched, 

endings, as desc ribed and illustrated in the pre ¬ 

vious chapter. These endings adapt very little 


and, therefore, are important for signaling con¬ 
tinuous states of deformation of the skin and 
deeper tissues, such as heavy and continuous 
touch signals and pressure signals. They are 
also found in joint capsules and signal the de¬ 
gree of joint rotation. 

Sixth, m 3 .nv pacinian corpuscles, which were 


discussed 



stimulated only by very rapid 


movement oi' ih^ ilssues because 
t^s adttbl ill a Slliall traction of a second. The re¬ 
fore, tney cir(3 barticularlv important for d yt^ - 
mg tissue vipration or other extremely rapn 
c hanges in me mecnamcal state of the tissueS T^ 

Transmission of Tactile Sensations m 

Peripheral Nerve Fibers. The specialized 
sensory receptors, such as Meissner’s corpus¬ 
cles, expanded tip endings, pacinian corpus¬ 
cles, and Ruffini’s endings, all transmit their 
signals in beta type A nerve fibers that have 
transmission velocities of 30 to 60 meters^ pe r 
second . On the other hand, free nerve ending 
tactile receptors and probably some of the hair 
end-organs transmit signals via the small delta 
type A nerve fibers that conduct at velocities of 
6 to meters per secona . 5ome ot the tactile 

free nerve endings transmit via tvne C fibers at 
velocities of about 1 meter per second ; it has 
not yet been proved that these send signals to 
the brain that can be detected consciously. 
Thus, the more critical types of sensory 
signals—those that help to determine precise 
localization on the skin, minute gradations of 
intensity, or rapid changes in sensory signal 
intensity— are all transmitted in the ranidlv 
conducting types of sensory nerve fiber s. On 
the other hand, the cruder types of signals, such 
as crude pressure and poorly localized touch, 
^re transmitted via much slower nerve fibers, 

fibers that a lso require much less space in the^ 

nerves^ ^ 


DETECTION OF VIBRATION 

All the different tactile receptors are involved 
in detection of vibration, though different re¬ 
ceptors detect different frequencies of vibra¬ 
tion. Pacinian corpuscles can discern vibrations 
up to as high as 400 to 500 cycles per secofidT 

" because they respond extremely rapidly to mi-^ 

nute and rapid deformations of the tissues, and 

t hey also transmit their signals over beta type A ~ 

nerve fibers, which can transmit more than lOHO 
impulses per second . 

Low frequency viDrations up to 80 cycles per 
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second, on the other hand, stimulate other tac¬ 
tile receptors— e^oeciallv Meissner’s corpus¬ 
cles. which are less ranidlv adapting in prefer¬ 
ence to pacinian corpuscles, 

POSSIBILITY OF A MUSCLE SENSE” 

Special sensory receptors are found in both 
skeletal muscles and tendons, muscle spindles in 
muscles and Golgi tendon apparatuses in tendons. 
These receptors transmit their signals into the spinal 
cord and cerebellum to control reflex contraction of 
the muscles. But, from what is known at present, 
these signals operate entirely at a subconscious level. 
These specialized receptors and the reflexes that they 
subserve will be considered in detail in relation to 
spinal cord reflexes and control of muscle contrac¬ 
tion in Chapter 9. 

However, some psychological effects have pointed 
to the existence of a conscious “muscle sense.” For 
instance. one is capable of determining how heavy an 
object is. and this has long been believed to be de¬ 
tected by the specialized muscle spindles or tendon 
organs; but critical experiments s how this not to be 
true. insieaQ, mis type or mrormation is probably 
signaled m two ways; (1) by usual tactile signals in 

portions of the brain indicating intensity of motor 

si gnals to the muscles required to lift an object . 

KINESTHETIC SENSATIONS 

The term “kinesthesia” means conscious 
recognitiorr of the orientation of the different 

parts of the hodv with respect to each other as 

well as of the rates of movement ot the ditterenf 

parts of the body, inese lunciions are sub¬ 

served principally by extensive sensory endings 
in the joint capsules and ligaments. 

The Kinesthetic Receptors. Three major 
types of nerve endings have been described in 
the joint capsules and ligaments about the 
joints, n) Bv far the most abundant of these are 
spray type Ruffini endings, one of which was 
illustrated m Figure t>-i or i^napter b. Ihese^ 

endings are stimulated strongl y when the joint is 
suddenly moved; tney adapt slightly at tirst but 

then transmit a steady signal thereafter. {Z) A 

^cond type ot ending resemPimg tne stretch 

receptors found in muscle tendons (called Golg i 

tendon receptors) is found particularly in the 

Tigaments about the joints. Though far less 
ullllldlUTiS than the Ruffllli endings they huVe 

^sentiallv the same response properties, p ; /\ 

few pacinian corpuscles are also round id ihc" " 

lissues around the joints. These adapt ex ¬ 

tremely rapidly and presumably help to detec t 
rate of rotation at the joint. 


Detection of the Degree of Joint Rotation by 
the Joint Receptors. Figure 7-1 illustrates 
the excitation of seven different nerve fibers 
leading from separate joint receptors in the cap¬ 
sule of a cat’s knee joint. Note that at 180 de¬ 
grees of joint rotation one of the receptors is 
stimulated; then at 150 degrees still another is 
stimulated; at 140 degrees two are stimulated, 
and so forth. The information from these joint 
receptors continually apprises the central nerv¬ 
ous system of the momentary rotation of the 
joint. That is, the rotation determines which re¬ 
ceptor is stimulated and how much it is stimu¬ 
lated, and from this the brain knows how far the 
loint is bent. 

Detection of Rate of Movement at the 
Joint. Because pacinian corpuscles are espe¬ 
cially adapted for detecting movement of tis ¬ 
sues. it is tempting to suggest that rate of 
movement at the joints is detected by the npirin- 
mn corpuscles. However, the number of pacin- 
ian corpuscles in the joint tissues is small, for 
which reason rate of movement at the joint is 
probably detected mainly in the following way: 
The Ruffini and Golgi endings in the joint tis¬ 
sues are stimulated very strongly at first by the 
process of joint movement, but within a fraction 
of a second this strong level of stimulation fades 
to a lower, steady state rate of firing. Neverth?^ 
less, this early overshoot in receptor stimula¬ 
tion is directly proportional to the rate of joint 
movement and is believed to be the signal used 
by the brain to discern the rate of movement. 
However, it is likely that the few pacinian cor¬ 
puscles also play at least some role in this pro¬ 
cess. 

Transmission of Kinesthetic Signals in the 
Peripheral Nerves. Kinesthetic signals, like 
those from the critical tactile sensory receptors, 
are transmitted almost entirely in the beta type 



Figure 7-1. Responses of seven different nerve fibers 
from knee joint receptors in a cat at different degrees of 
rotation. (Modified from Skogland: Acta Physiol. Scand., 
Suppl. 124, 36:1, 1956.) 
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A sensory nerve fibers, which carry signals very 
rapidly to the cord and, thence, to the brain. 
This rapid transmission of kinesthetic sign als is 

particularly important when parts oi me Do*^ 

are movi ng rapidly, because it is essential for 

tne central nervous system to ^^know'' at each 

small fraction of a second the exact locations ot 

Uie ditterent parts ot the body; otherwise one 

would not be capable of co ntrolling furth^ 

movements. 


THE DUAL SYSTEM FOR 
TRANSMISSION OF 
MECHANORECEPTIVE SOMATIC 
SENSATIONS IN THE CENTRAL 
NERVOUS SYSTEM 

All sensory information from the somatic 
segments of the body enters the spinal cord 
ihrougn the posterior roots . On entering the 
cord, most large sensory nerve fibers (mainly 
the beta type A fibers) immediately enter the 
dorsal columns of the cord and as;renrl thp en¬ 
tire length of the cord . The smaller sensory 
fibers (type C and delta type A) as well as lateral 
collaterals from the larger fibers travel upward 
for one to six segments and downward for one 
to four segments, and then synapse with dorsal 
horn cells that give rise to the ventral and lat ¬ 

eral spinothalamic tracts . These tracts ascend 
to the brain m the anterior and lateral columns 

oj; the sninal cord. This separation of thp flh^rg 

at the dorsal roots represents a separation of the 
pathways for transmission of sensory impulses: 
the dorsal column pathway gives rise to the dor- 
sal coliimn_system, and the sninothalamic 

give_rise to the spinothalamic^syM^in_._ 

Comparison oi the Dorsal Column System 
With the Spino thalamic System. The| dorsal 
column system) is composed of large, heavily 

myelinated nerve fibers that transmit signals to 

t he brain at velocities of 35 to 70 meters per 

second. Also, there is a high degree of spatial 


pathways. First, sensory information that must 
be transmitted ranidlv and with temporal fidelT 

ty is transmitted in the dorsal column system. 

while that which does not need to he transmit¬ 

ted ranidlv is transmit tf^H mainly in th^ 
spinothalamic system. Second, those sensa¬ 
tions that detect fine gradatj pn^ intpn«;itv arp 
transmitted in thej dorsal column \v stem. while 
t hose that lack the fine gradations are transmit¬ 

ted in the fSPino thalamir Qygtpm \ AnH thirH 

sensations that are discretel y localize d 
points in the body are transmitted in thp Hnr^gl 
column system, while those transmitted in the 
spinothalamic ^stem can he loc p^hVed much 
less exactly. On the other hand, the 
Simnotlialamic systemj has a special capability 
That the dorsal column system does not have: 
the ability to transmit a broad spectrum of sen- 
sory modalities—pain, warmth, cold, ana cruae 


their origin onJJ 

surface of the bodv. On the 

other hand, thel 

[^inothalamic systemi is com- 


not myelinated at all, ot af6 poofTv mvpIinatpT " 
and whic h transmit impulses at velocities 
perhaps as low as oiid Itlt^lt^l' her second but not 
over ly meters per second. Some of these fib~ 

are spatially oriented but only poorlv so. 

These differences in the two systems im¬ 
mediately characterize the types of sensory in¬ 
formation that can be transmitted by the two 


tactile sensations: the dorsal column system is 

limited to mechanoreceptive sensations alone. 

With this differentiation in mind we can now list 

the types of sensations transmitted in the two 
systems. 

Iihe Dorsal Column System 

1. Touch sensations requiring a high degree 
of localization of the stimulus. 

2. Touch sensations requiring transmission 
of fine gradations of intensity. 

3. Phasic sensations, such as vibratory sen¬ 
sations. 

4. Sensations that signal movement against 
the skin. 

5. Kinesthetic sensations. 

6. Pressure sensations having to do with fine 
degrees of judgment of pressure intensity. 


The Spinothalamic System 

1. Pain. 

2. Thermal sensations, including both warm 
and cold sensations. 

3. Crude touch and pressure sensations ca¬ 
pable of very little localizing ability on the sur¬ 
face of the body and having very little capability 
for intensity discrimination. 

4. Tickle and itch sensations. 

Sexual sensations. 

TRANSMISSION IN THE DORSAL 
COLUMN SYSTEM 

Because the dorsal column system is large 
and its fibers numerous, we know much about 
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transmission of sensory signals in this system in 
comparison with very little about transmission 
of signals in the spinothalamic system. There¬ 
fore, the dorsal column system will be dis¬ 
cussed at length and then the known differences 
between this and the spinothalamic system will 
be pointed out. 

ANATOMY OF THE DORSAL COLUMN 
PATHWAY 

The dorsal column system is illustrated in Figure 
7-2. The nerve fibers entering the dorsal columns 
pass ail the way up tnese columns to the medulla , 
where they synapse in the aorsai column nuclei (tRe 

nHHthlU^ anu ^racile niiclc^ l j. PlOlh f iere, second order 

neurons decussaie immeuiaieiy lo the opposite side 
ana tnen pass upward t o the thalamus through bilat¬ 
eral pathways called the medial lemnisci. Each me¬ 
nial lemniscus terminates m a ve ntrohasal complex of 
nuclei located in the ventral posieroiaierai nucleus or 

tne tlialamns. In its pathway through the hindbrain , 

the medial lemniscus is joined by additio nal npers 

trom the main sensory nnriens of the trisemin^ 



Figure 7-3. Projection of the dorsal column system 
from the thalamus to the somesthetic cortex. (Modified 
from Brodal: Neurological Anatomy in Relation to Clini¬ 
cal Medicine. Oxford University Press, 1969.) 
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Figure 7-2. The dorsal column pathway for transmit¬ 
ting critical types of mechanoreceptive signals. (Modified 
from Ransom and Clark: Anatomy of the Nervous System, 
1959.) 


nerve^jmdjj^^ nortion of its descendiiw 

nuclei; these hbe rs subserve th e same sensory func¬ 

tions tor the head mat me aorsai cnmmn cntC 

serve for the body. 

From the ventrobasal complex, third order 
neurons project, as shown in Figure V-d. mamlv to ' 

The post central gyms ot the cer ebral c ortex called 

somatic sensory area But, in addition, neurons 

also protect to closely associated regions of the cor¬ 

tex behind and in front of the postcentral gyrus. Fi^ 
nally, a few fibers project to the lowermost lateral 
portion 01 eacn p arietal lobe, an areh dhlled somatic^ 

Spatial Orientation of the Nerve Fibers in 
the Dorsal Column Pathway. All the way 

from the origin of the dorsal columns to the 
cerebral cortex, a distinct spatial orientation of 
the fibers from individual parts of the body is 
maintained. The fibers from the lower parts of 
the body lie toward the center of the dorsal col¬ 
umns, while those that enter the dorsal columns 
at progressively higher and higher levels form 
successive layers on the lateral sides of the dor¬ 
sal columns. 

In the thalamus, the distinct spatial orienta¬ 
tion is still maintained, with the tail end of the 
body represented by the most lateral portions of 
the ventrobasal complex and the head and face 
represented in the medial component of the 
complex. However, because of the crossing of 
the medial lemnisci in the medulla, the left side 
of the body is represented in the right side of the 
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thalamus and the right side of the body is rep¬ 
resented in the left side of the thalamus. In a 
similar manner, the fibers passing to the cere¬ 
bral cortex also are spatially oriented so that a 
single part of the cortex receives signals from a 
discrete area of the body, as is described below. 

THE SOMESTHETIC CORTEX 

The area of the cerebral cortex to which th e 
primary sensory impulses are projected is calle d 

the sonies:thptir rnrt^r . In the human being, this 

area lies mainly in the anterior portions of the 
parietal lobes. Two distinct and separate areas 
are known to receive direct afferent nerve fibers 
from the relay nuclei of the thalamus; these, 
called s omatic sensory area / an ^ ^nnjptir ^^n- 
sory area II, are illustrated in Figure 7-4. 
However, somatic sensory area I is so much 
more important to the sensory functions of the 
body than is somatic sensory area II that in 
popular usage the term somesthetic cortex is 
almost always used to designate area I exclu¬ 

sive of area II . Yet, to keen these two areas 
separated, we will henceforth refer to them 
separately as somatic sensory area I and somat¬ 
ic sensory area II. 

Projection of the Body in Somatic Sensory 
Area I. Somatic sensory area I lies in the 
postcentral gyrus of the human cerebral cortex. 
A distinct spatial orientation exists in this area 
for reception of nerve signals from the different 
areas of the body. Figure 7-5 illustrates a 
cross-section through the brain at the level of 
the postcentral gyrus, showing the representa¬ 
tions of the different parts of the body in sepa¬ 
rate regions of somatic sensory area I. Note, 
however, that each side of the cortex receives 
sensory information exclusively from the oppo- 



Figure 7-4. The two somesthetic cortical areas, somatic 
sensory areas I and II. 



Figure 7-5. Representation of the different areas of the 
body in the somatic sensory area I of the cortex. (From 
Penfield and Rasmussen: Cerebral Cortex of Man: A Clini¬ 
cal Study of Localization of Function. The Macmillan Co., 
1968.) 


site side of the body (with the possible excep¬ 
tion of a small amount of sensory information 
from the same side of the face). 

Some areas of the body are represented by 
large areas in the somatic cortex—the lips by far 
the greatest area of all, followed by the face and 
thumb—while the entire trunk and lower part of 
the body are represented by relatively small 
areas. The sizes of these areas are directly 
pron(trtior inl tn fhp sen ¬ 

sory receptors in each respective peripheral 
area of the body. For instance, a great number 

of specialized nerve endings are found in the 
lips and thumb, while only a few are present in 
the skin of the trunk. 

Note also that the head is represented in the 
lower or lateral portion of the postcentral gyrus, 
while the lower part of the body is represented 
in the medial or upper portion of the postcentral 
gyrus. 

Modality Differentiation in Somatic Sensory 
Area /. Not only is there spatial projection of 
the body in somatic sensory area I, but there is 
also a moderate degree of modality separation 
between tactile signals and kinesthetic signals. 
Tactile signals stimulate neurons m aitily ip thp 
anteriormost portion ot th^ gyr^]g 

where it dips into the central sulcus. On the 
otner nana. Kinesthetic signals stimulate 
neurons mainly m tne posteriormost portion of 
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the postcentral gyrus. This separation of modal¬ 
ities is important because it helps us to under¬ 
stand how the brain dissects different types of 
information from incoming sensory signals, a 
subject that will be discussed in more detail 
later in the chapter. 

Somatic Sensory Area II. The second cor¬ 
tical area to which somatic afferent fibers pro¬ 
ject, somatic sensory area II, lies posterior and 
inferior to the lower end of the postcentral 
gyrus and on the upper wall of the lateral 
fissure, as shown in Figure 7^. The degree of 
localization of the different parts of the body is 
far less acute in this area than in somatic sen¬ 
sory area 1. The face is represented anteriorly, 
the arms centrally, and the legs posteriorly. 

So little is known about the function of somat¬ 
ic sensory area II that it cannot be discussed 
intelligently. ImnAxm thQt gianak pntpr this 

area from both the dorsal column system and 

the spinothalamic system, though much mor e 

from the latte r. In fact, it has been suggested 
that somatic sensory area II might be the corti¬ 
cal terminus of pain information. Also, stimula¬ 
tion of somatic sensory area II in some in¬ 
stances causes complex body movements, for 
which reason it possibly plays a role in sensory 
control of motor functions. 

Excitation of Vertical Columns of Neurons 
in the Somesthetic Cortex. The cerebral cor¬ 
tex contains six separate layers of neurons, and, 
as would be expected, the neurons in each layer 
perform functions different from those in other 
layers. Also, the neurons are arranged in verti¬ 
cal columns extending all the way through the 
six layers of the cortex, each column having a 
diameter of about one-half to one millimeter and 
containing hundreds of neuronal cell bodies in 
each layer. Unfortunately, we still know rela¬ 
tively little about the functions of these columns 
of cells but we are certain about the following 
facts: 

^I. The incoming sensory signal excites 
mainly neuronal layer IV first; then the signal 
spreads toward the surface of the cortex and 
also toward the deeper layers. 

2. Layers I and II receive a diffuse, non¬ 
specific input from the reticular activating sys¬ 
tem. This input perhaps controls the overall 
level of excitability of the cortex. 

3. The neurons in layers V and VI send 
axons to other parts of the nervous system— 
some to other areas of the cortex, some to 
deeper structures of the brain, such as the 
thalamus or brain stem, and some even to the 
spinal cord. 


Similar vertical columns of neurons exist in 
all other areas of the cortex as well as in the 
somesthetic cortex. In particular, they have 
been shown to be very important for function of 
the visual cortex and the motor cortex. 

Each vertical column of neurons seems to be 
able to decipher a specific quality of information 
from the sensory signal. For instance, in the 
visual cortex one specific column will detect a 
line oriented in a particular direction, whereas 
an adjacent column will detect a similar line 
oriented in a slightly different direction. Pre¬ 
sumably, in the somesthetic cortex each column 
detects separate qualities of signals (angles of 
orientation of rough spots, lengths of rough 
spots, perhaps roundness of objects, perhaps 
sharpness of objects, and so forth) from specific 
surface areas of the body. 

Functions of Somatic Sensory Area I. The 
functional capabilities of different areas of the 
somesthetic cortex have been determined by 
selective excision of the different portions. 
Widespread excision of somatic sensory area I 
causes loss of the following types of sensory 
judgment: 

1. The person is unable to localize discretely 
the different sensations in the different parts of 
the body. However, he can localize these sensa¬ 
tions very crudely, such as to a particular hand, 
which indicates that the thalamus or parts of the 
cerebral cortex not normally considered to be 
concerned with somatic sensations can perform 
some degree of localization. 

2. He is unable to judge critical degrees of 
pressure against his body. 

3. He is unable to judge exactly the weights 
of objects. 

4. He is unable to judge shapes or forms of 
objects. This is called astereognosis. 

5. He is unable to judge texture of materials, 
for this type of judgment depends on highly crit¬ 
ical sensations caused by movement of the skin 
over the surface to be judged. 

6. He is unable to judge fine gradations in 
temperature. 

7. He is unable to recognize the relative 
orientation of the different parts of his body 
with respect to each other. 

Note in the above list that nothing has been 
said about loss of pain. However, in the ab¬ 
sence of somatic sensory area I, the apprecia¬ 
tion of pain is often altered, sometimes even the 
intensification of the nain Rnt more imnortant. 
the pain that does occur is poorly localized, in¬ 

dicating that pain localiza tion is probably de¬ 
pendent mainly upon simultaneous stimulation 
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a£t?^rti1e stimuli that use the topographical map 
of the body in somatic sensory area I to localize 

the source of the pain. 

SOMATIC ASSOCIATION AREAS 

Brodmann areas V and VII of the cerebral 
cortex, which are located in the parietal cortex 
immediately behind somatic sensory area I and 
above somatic sensory area II, play especially 
important roles in deciphering the sensory in¬ 
formation that enters the somatic sensory areas. 
Therefore, these areas are called the somatic 
association areas. 

Electrical stimulation in the somatic associa¬ 
tion area can occasionally cause a person to ex¬ 
perience a complex somatic sensation, some¬ 
times even the “feeling” of an object such as a 
knife or a ball. Therefore, it seems clear that the 
somatic association area combines information 
from multiple points in the somatic sensory area 
to decipher its meaning. This also fits with the 
anatomical arrangement of the neuronal tracts 
that enter the somatic association area, for it 
receives signals from (a) the primary somatic 
areas, (b) the ventrobasal complex of the 
thalamus, and (c) adjacent areas of the thalamus 
which themselves receive input from the ven¬ 
trobasal complex. 

Effect of Removing the Somatic Association 
Area —Amorphosvnthesi s. When the somat¬ 
ic association area is removed, the person espe¬ 
cially loses his ability to recognize complex ob¬ 
jects and complex forms that he feels. In addi¬ 
tion, he loses a great deal of the sense of form of 
his own An ^gp^^iQlly fcxrf ic 

that loss of the somatic af^ sociation area on one 
side of the brain causes the person sometimes io ~ 

Te oblivious of the opposite side of his body — 

that IS. to torget that it is there. Likewise, whe n 

he is feeling objects he will tend to feel only on e 
side of the object and to forget that the other 
side even exists. Ihis complex sensory deficit is 

called amorphosvnthesi~ 

CHARACTERISTICS OF TRANSMISSION 
IN THE DORSAL COLUMN PATHWAY 

Faithfulness of Transmission. The most 
important functional characteristic of the dorsal 
column pathway is its faithfulness of transmis¬ 
sion. That is, each time a point in the periphery 
is stimulated, a signal ordinarily is transmitted 
all the way to the somesthetic cortex. Also, if 
this peripheral stimulus increases in intensity, 
the intensity of the signal at the cerebral cortex 


increases proportionately. And, finally, when a 
discrete area of the body is stimulated, the sig¬ 
nal from this area is transmitted to a discrete 
area of the cerebral cortex. Thus, the dorsaj^ 
c olumn pathway is adequately organized roF 
transmission ot accurate information trom the 

^ peripnerv to the sensorium. Turtnermore, the 

responsiveness of this system can be altered 
only moderately bv stimuli from other areas of 

the nervous system, and it cannot he depressed 

to a significant extent by extraneous age nts, 

' such as moderate degrees of anesthesia. 

Basic Neuronal Circuit and Discharge Pat¬ 
tern in the Dorsal Column System. The 
lower part of'Figure 7-6 illustrates the basic 
organization of the neuronal circuit of the dorsal 
column system, showing that at each synaptic 
stage divergence occurs; indeed, there is as 
much as a 10-fold divergence at the dorsal col¬ 
umn nuclei alone. However, the upper part of 
Figure 7-6 shows that a single receptor 
stimulus on the skin does not cause all the corti¬ 
cal neurons with which that receptor connects 



Figure 7-6. Transmission of a pinpoint stimulus signal 
to the cortex. 
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to discharge at the same rate. Instead, the corti¬ 
cal neurons that discharge to the greatest extent 
are those in a central part of the cortical “field” 
for each respective receptor. Thus, a weak 
stimulus causes only the centralmost neurons to 
fire. A moderate stimulus causes still more 
neurons to fire, but those in the center still dis¬ 
charge at a considerably more rapid rate than do 
those farther away from the center. Finally, a 
strong stimu lus causes widespread di^chargti IH 
the cortex but again a much more rapid dis¬ 
charge of the cen tralmost neurons in compari¬ 
son with tne peripnerai ri'eTTrons.' • 

LULdlllZUilUll Uf Sl^flcllU'Trom the Body. 
Referring once again to Figure 7-6, it is evi¬ 
dent that, when a single receptor is stimulated 
in the skin, a particular point in the somesthetic 
cortex is excited more intensively than are all 
the surrounding areas. This does not mean that 
adjacent areas of the somesthetic cortex are not 
also stimulated. However, these adjacent areas 
are stimulated less intensively tlidfi 

point in the cortical field of the stimula ted re¬ 

ceptor. Thus, by this means, the sensory cortex 
IS capable of detecting tUe precise localization 

of signals from the body, despite the spread ot 

excitation m the cortex 

Two-Point Uiscrimination. A method fre¬ 
quently used to test a person’s tactile 
capabilities is to determine his so-called “two- 
point discriminatory ability.” In this test, two 
needles are pressed against the skin, and the 
subject determines whether he feels two points 
of stimulus or one point. On the tips of the 
fingers a person can distinguish two separate 
points even when the needles are as close to¬ 
gether as 2 mm. However, on the back, the 
needles must usually be as far apart as 20 to 50 
mm. before one can detect two separate points. 
The reason for this is that there are many 
specialized tactile receptors in the tips of the 
fingers in comparison with a small number in 
the skin of the back. Referring back to Figure 
7-5, we can see also that the portions of the 
body that have a high degree of two-point dis¬ 
crimination have a correspondingly large corti¬ 
cal representation in somatic sensory area I. 

Figure 7-7 illustrates the probable 
m_echanism by which the dorsal column path¬ 
way transmits two-point discriminatory infor¬ 
mation. This shows two adjacent points on the 
skin that are strongly stimulated, and it shows 
the small area of the somesthetic cortex 
(greated enlarged) that is excited by signals 
from the two stimulated points in the skin. The 
two dashed curves show the individually ex- 



strongly stimulated 

Figure 7-7. Transmission of signals to the cortex from 
two adjacent pinpoint stimuli. 


cited cortical fields, and the solid curve shows 
the resultant cortical excitation when both the 
skin points are stimulated simultaneously. Note 
that the resultant zone of excitation has two 
separate peaks. It is believed to be these two 
peaks, separated hv a valley, that allow the sen¬ 

sory cortex to detect of two 

stimulatory points rat her^an a single stimula¬ 
tory pomi. 

Increase in Contrast in the Spatial Pattern 
Caused by Lateral Inhibition. In Chapter 5 
it was pointed out that contrast in sensory pat¬ 
terns is increased by inhibitory signals transmit¬ 
ted laterally in the sensory pathway. This effect 
was illustrated in Figure 5-11 of that chapter. 

In the case of the dorsal column system, an 
excited sensory receptor in the skin transmits 
not only excitatory signals to the somesthetic 
cortex but also inhibitory signals laterally to ad¬ 
jacent fiber pathways. These inhibitory signals 
help to block lateral spread of the excitatory 
signal, a process called lateral inhibition or af¬ 
ferent inhibition. As a result, the peak of excita¬ 
tion stands out, and much of the surrounding 
diffuse stimulation is blocked. Obviously, this 
mechanism accentuates the contrast between 
the areas of peak stimulation and the surround¬ 
ing areas, thus greatly increasing the contrast or 
sharpness of the perceived spatial pattern. 

Transmission of Rapidly Changing and 
Repetitive Sensations. The dorsal column 
system is of particular value for apprising the 
sensorium of rapidly changing peripheral condi¬ 
tions. This system can “follow” changing 
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Stimuli up to at least 100 cycles per second and 
can “detect” changes as high as 400 to 500 cy¬ 
cles. This rapid response allows one to direct 
his attention immediately to any point of con¬ 
tact, which, in turn, allows him to make neces¬ 
sary corrections before damage can be done. 

Vibratory Sensation. Because vibratory sig¬ 
nals are rapidly repetitive (can be detected up to 
400 to 500 cycles per second), they can be 
transmitted only in the dorsal column system 
and not at all in the slowly transmitting 
spinothalamic system. For this reason, applica¬ 
tion of vibration with a tuning fork to different 
peripheral parts of the body is an important tool 

used by the neurologist for testing fiinctLonp^ l 
integrity of the dorsal column system. 

PROCESSING OF INFORMATION IN 
THE DORSAL COLUMN SYSTEM 

Despite the faithfulness of transmission of 
signals from the periphery to the sensory cortex 
through the dorsal column system, there is also 
some processing of sensory information at 
lower synaptic levels before it reaches the cere¬ 
bral cortex. For instance, the signal pattern 
from kinesthetic receptors changes as it passes 
progressively up the dorsal column system. 
Figure 7-1 showed that individual joint recep¬ 
tors are stimulated maximally at specific de¬ 
grees of rotation of the joint, with the intensity 
of stimulation decreasing on either side of the 
maximal point for each receptor. However, the 
kinesthetic signal is quite different at the level 
of the ventrobasal complex of the thalamus, as 
can be seen by referring to Figure 7-8. This 



Figure 7-8. Typical responses of five different neurons 
in the knee joint receptor field of the ventrobasal complex 
when the knee joint is moved through its range of motion. 
(The curves were constructed from data in Mountcastle: /. 
NeurophysioL, 26:807, 1963.) 


figure shows that the ventrobasal neurons are of 
two types: ( 1) those that are maximally stimu - 
lated when the joint is at f ull rotation and (2) 
tnose mat are maximally stimulated when the 
joint IS at minimal rotatio n. In each case, as the 
degree of rotation changes, the rate of stimula¬ 

tion of the neuron either decreases or increases 
depending on the direction in which the joint fs 

being rotated . Furtnermore. the intensity ~of 

neuronal excitation changes over angles of 40 to 

60 degrees of angulation in contrast to 20 to 51) 

degrees for the individual receptors, as was il¬ 
lustrated in Figure 7-1. Thus, the signals from 
the individual joint receptors are integrated i n 
the space domain by ttie thalamic neurons, giv¬ 

ing a progressively slrofll^ef signal as the join t 
moves in only one direction rather than giving a 

peaked signal as occurs m stimulation of indi ¬ 

vidual receptors . 

Another instance of information processing in 
the dorsal column system is physical separation 
of signals of different modalities, with cutane¬ 
ous sensibilities terminating anteriorly in somat¬ 
ic area 1 and kinesthetic sensibilities terminating 
p<^^|prinr]y_ ft is presumably these types of 
changes in signal patterns and sennr^ition of 

th;^f allow the sensorium to separate 

out all the ingre dients o f sensory informatiop, 

TRANSMISSION IN THE 
SPINOTHALAMIC SYSTEM 

It was pointed out earlier in the chapter that 
the spinothalamic system transmits sensory 
signals that do not require rapid transmission 
nor highly discrete localization in the body. 
These include pain, heat, cold, crude tactile 
sensations, and sexual sensations. In the follow¬ 
ing chapter, pain and temperature sensations 
are discussed specifically, but the present chap¬ 
ter is concerned principally with transmission of 
the crude tactile sensations in the spinothalamic 
system. 

THE SPINOTHALAMIC PATHWAY 

Most anatomists divide the spinothalamic pathway 
into three different tracts: (1) the ven tral spino- 
thalamic tract, (2) the lateral srnnothalaimc IMi 
T3) the spinoreticular tract. In the following discns- 
sion we will follow mis convention, though these 
tracts overlap each other greatly, and they course 
diffusely through the anterolateral quadrants of the 
white columns of the cord. For this reason, many 
physiologists simply speak of the anterolateral 
spinothalamic pathway. 
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Ventral Spinothalamic Tract. Most of the 
spinothalamic fibers subserving the tactile sense 
(about 2500 of them) enter the dorsal columns along 
with the fibers of the dorsal column system, as shown 
in Figure 7-9, and then travel upward as much as six 
segments or downward as much as two segments be¬ 
fore ending on second order neurons in the dorsal 
horns. Then fibers from these neurons cross through 
the anterior commissure t o the op posite anterior col - 

iimn an d form the ventral spin othalamic tract mat 

passes all the wav to the thalamus. 

The ventral spinothalamic tract terminates, along 
with the terminations of the dorsal column system, in 
the ventrobasal nuclear complex of the thalamus, 
though many of the fibers also give off collaterals that 
terminate in the bulbar and mesencephalic reticular 
areas. 

The fibers of the ventral spinothalamic tract are 
mainly tvne A nerve fi bers in con- 

fraist to smaller fibers found in the lateral 
^motnalamic tract, rurtnermore, there is crude 
localization of touch and pressure sensations tran s¬ 

mitted through this tract, indicatin g a mo derate de ¬ 
gree sp ntini nnpntntinn of the fibers in the tract. 

Lateral Spinothalamic Tract. On entering the 

cord through the posterior roots, the pain and tem¬ 
perature fibers travel upward in the tract of Lis saner 
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Figure 7-9. The spinothalamic pathways. (Modified 
from Ranson and Clark: Anatomy of the Nervous System, 
1959.) 


for one or two segments and then terminate in the 
gray matter of the dorsal horns. At this point, the 
signals probably pass through one or more local 
neurons, the last of which sends long fibers that cross 
through the anterior commissure of the cord gray 
matter, pass to the opposite lateral column of the * 
spinal cord where they form the lateral spino-f 
thalamic tract, and eventually terminate maijjl^i-wr^^ 
the intralaminar nuclei of the thalamus<-srainereni ® 
TyillllllLls irom (hat ot the ventral spinotnalamic tract. 

However, a few of the fibers (especially the delta 
pain fibers that will be discussed in the following 
chapter) terminate in the most caudal portion of the 
ventrobasal complex, an area that is the human 
analogue of the posterior nuclei of the thalamus of 
lower animals. Many of the fibers also give rise to 
collaterals that terminate in the reticular substance of 
the bulbar and mesencephalic areas. 

The fibers of the lateral spinothalamic tract are 
mainly delta type A or type C fibers. 

Spinoreticular Tract. In addition to the fibers of 
the ventral and lateral spinothalamic tracts, still other 
fibers originate in the dorsal horns of the spinal cord 
along with the fibers of these two tracts but never 


extend as far as the thalamus. Instead, these fibers 


terminat e in the reticular s ubstance of the bulbar a nd 
mesencephalic are as and therefo re c onstitute tITb 
s^pmoreticuiar tract . Mere they synapse with one or 
more successive neurons that eventually send fibers 
into the intralaminar nuclei of the th alamus, terminat- 
ing m tne same areas as many of the fibers from the 


lateral spinothalamic tract; from here signals are 
tFansmitted to other parts of the thalamus, the 

hypothalamus, and tne cortex. Ihe nbers ot this tract 

'are proDaoiy ail or tne typelj variety, and they are 
concerned either entirely or almost entirely with the 
transmission of pain signals. 

Fibers also enter the lateral and the ventral 
spinothalamic tracts and the spinoreticular tract from 
the spinal nucleus of the fifth nerve. These fibers 
transmit respective types of sensory information 
from the head. 

Projection of Spinothalamic Signals from the 
Thalamus to the Cortex. Third order neurons from 
the ventrobasal complex of the thalamus, which 
carry tactile signals from the ventral spinothalamic 
tract, project primarily to somatic area I and, to a 
lesser extent, to somatic area II. However, on the 
basis of inadequate information, it has been 
suggested that the lateral spinothalamic system, 
which transmits pain and temperature signals, and 
which synapses in the intralaminar thalamic nuclei, 
probably projects to somatic area II, though even 
these projections are weak ones. 

Separation of Modalities in the 
Spinothalamic Tracts. It has already been 
pointed out in the above description of the 
spinothalamic pathway that the nerve fibers that 
subserve the senses of touch and pressure are 
transmitted in the ventral spinothalamic tract, 
and those that subserve pain and temperature 
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are transmitted in the lateral spinothalamic 
tract. In addition, the lateral spinothalamic tract 
is at le^t partially divided into superficial and 

deep divisions, the superficial division transmit ¬ 

ting pain signals and the deep division transmit¬ 
ting temperature signals. Thus, the process of 
separating the different modalities of sensation 

artiiallv hp^ins; in the s^ninal cord. 

Characteristics of Transmission in the 
Spinothalamic Tracts. The precise nature of 
transmission in the spinothalamic tracts is not 
nearly so well known as in the dorsal column 
system. In general, the same principles apply to 
transmission in this tract as in the dorsal column 
system, except for the following differences: (a) 
the velocities of transmission in the 

spinothalamic tracts are only one-fiftieth to 

one-quarter those in the dorsal column system : 

(b ) the spatial localization of signals transmiUe d 

in the spinothalamic tracts is poor, especiallyln 

the lateral spinothalamic tract that transmits 

pain and temperature signals; (c) the gradatio n^ 

of intensities are also far less acute, most of th e 

sensations being recognized in ID to 2U gr^ a- 

Uons of strength rather than the 100 or more, 

_^adations for the dorsal column 

(d) the ability to transmit rapidly repetitive sen ¬ 

sations is almost nil in the spinothalamic sys¬ 
tem. _ 

Thus, it is evident that the spinothalamic 
tracts are by far a cruder type of transmission 
system than is the dorsal column system. How¬ 
ever, it must be realized that certain types of 
sensations are, nevertheless, transmitted only 
by the spinothalamic tracts, including pain, 
thermal sensations, and sexual sensations. Only 
the mechanoreceptive sensations are transmi t¬ 

ted bv^bothlsystems, the dorsal column system 
having to do w ith the rritiral types of mech¬ 
anoreceptive sensations, and the ventral 
spinothalamic tract having to do with the cruder 

types of mechanoreceptive sensations. 


SOME SPECIAL ASPECTS OF 
SENSORY FUNCTION 

Function of the Thalamus in Somatic Sensa¬ 
tions. The major function of the thalamus in tactil e 
sensation is probably to relav information tn the cor¬ 

tex . However, since a person with his somesthetic 
cortex removed can redevelop a mild degree of tac¬ 
tile sensibility, it must be assumed that the thalamus 
can do much more than simply relay tactile informa¬ 
tion to the somesthetic cortex. The thalamus seems 
to be even more important in pain sensation, as 
pointed out in the following chapter. 


Cortical Control of Sensory Sensitivity. Almost 
all sensory information that enters the cerebrum, ex¬ 
cept that from the olfactory system, but including 
^sensory informationifom the eves, the e ars, the taste 
receptors, and all the somatic receptors, is relayed 

through one or another ot tne tnaiamic nuclei. Fur¬ 

thermore, the conscious hrain is capable ot directing 
its attention to ditterent segments of the sensory sy ^ 
tern. This function Is beiieved t o oe mainiy acnieved 

through tadlitation or inhibition oi me cordcal recdp- 

tive nreas. 

But, in addition, “corticofugal” signals are trans¬ 
mitted from the cortex to the lower relay stations in 
the pQth\x/a^£g tr> I'niiihit t)-pngmi'ggir>n Por in¬ 

stance, corticofugal pathways control the sensitivity 
of the synapses in the thalamus as well as in the 
dorsal column nuclei and in the posterior horn relay 
station of the spinothalamic system. Also, similar 
systems are known for the visual, auditory, and ol¬ 
factory systems, which are discussed in later chap¬ 
ters - Each corticofugal nathwav hpgins in the cortex 
where the sensory pathway t hat it controls termi- 
nates. Thus, a feedback loon exists Tor each sensory 

Obv^usly, corticofugal control of sensory input 
could allow the cerebral cortex to alter the threshold 



Figure 7-10. The dermatomes. (Modified from Grinker 
and Sahs: Neurology. Charles C Thomas, 1966.) 
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for different sensory signals. Also, it might help the 
brain focus its attention on specific types of informa¬ 
tion, which is an important and necessary quality of 
nervous system function. 

Segmental Fields of Sensation—The Der- 


B is hop, P. O.: Central nervous system: afferent mechanisms and 
perception. Ann. Rev. Physiol., 29:427, 1967. 

Boudreau, J. C., and Tsuchitani, C.: Sensory Neurophysiology: 
with Special Reference to the Cat. New York, Van Nostrand 
Reinhold Company, 1973. 

Darian-Smith, I.: Somatic sensation. Ann. Rev. Physiol., 31:417, 


matomes. Each spinal nerve innervates a ‘‘segmen ¬ 
tal field” of the skin called_Aden?iafome.iThe differ¬ 
ent dermatomes are illustrated in Figure 7-10. 
However, these are shown as if there were distinct 
borders: hptwppn the adjacent dermatomes, which is 
far from true because much overlap exists from se g¬ 
ment to segment. Indeed, because ot tne great over- 
lap^thej posterior roots from an entire segment ot th e 

spinal cord can be destroyed without causing sig ¬ 

nificant loss of sensation in the skin. An 
Figure 7-10 shows that the anal region 
lies in the dermatome of the most distal cord seg¬ 
ment. In the embryo, this is the tail region and is the 
most distal portion of the body. The legs develop 
from the lumbar and upper sacral segments rather 
than from the distal sacral segments, which is evident 
from the dermatomal map. Obviously, one can use a 
dermatomal map such as that illustrated in Figure 
7-10 to determine the level in the spinal cord at 
which various cord injuries may have occurred when 
the peripheral sensations are disturbed. 
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Somatic Sensations: 

II. Pain, Visceral Pain, Headache, 
and Thermal Sensations 


Many, if not most, ailments of the body cause 
pain. Furthermore, one’s ability to diagnose dif¬ 
ferent diseases depends to a great extent on a 
knowledge of the different qualities of pain, a 
knowledge of how pain can be referred from 
one part of the body to another, how pain can 
spread from the painful site, and, finally, what 
the different causes of pain are. For these 
reasons, the present chapter is devoted mainly 
to pain and to the physiologic basis of some of 
the associated clinical phenomena. 

The Purpose of Pain. Pain is a protective 
mechanism for the body; it occurs whenever 
any tissues are being damaged, and it causes the 
individual to react to remove the pain stimulus. 
Even such simple activities as sitting for a long 
time on the ischia can cause tissue destruction 
because of lack of blood flow to the skin where 
the skin is compressed by the weight of the 
body. When the skin becomes painful as a result 
of the ischemia, the person shifts his weight un¬ 
consciously. A person who has lost his pain 
sense, such as after spinal cord injury, fails to 
feel the pain and therefore fails to shift his 
weight. This eventually results in ulceration at 
the areas of pressure unless special measures 
are taken to move the person from time to time. 

QUALITIES OF PAIN 

Pain has been classified into three different 
major types: pricking, burning, and aching pain. 
Other terms used to describe different types of 
pain include throbbing pain, nauseous pain. 


cramping pain, sharp pain, electric pain, and 
others, most of which are well known to almost 
everyone. 

Pricking pain is felt when a needle is stuck 
into the skin or when the skin is cut with a knife. 
It is also often felt when a widespread area of 
the skin is diffusely but strongly irritated. 

Burning pain is, as its name implies, the type 
of pain felt when the skin is burned. It can be 
excruciating and is the most likely of the pain 
types to cause suffering. 

Aching pain is not felt on the surface of the 
body, but, instead, is a deep pain with varying 
degrees of annoyance. Aching pain of low in¬ 
tensity in widespread areas of the body can 
summate into a very disagreeable sensation. 

It is not necessary to describe these different 
qualities of pain in great detail because they are 
well known to all persons. The real problem, 
and one that is only partially solved, is what 
causes the differences in quality. Pricking pain 
results from stimulation of delta type A pain 
fibers, whereas burning and aching pain results 
from stimulation of the more primitive type C 
fibers, which will be discussed later in the chap¬ 
ter. 


METHODS FOR MEASURING THE 
PERCEPTION OF PAIN 

The intensity of a stimulus necessary to cause pain 
can be measured in many different ways, but the 
most used methods have been pricking the skin with 
a pin at measured pressures, pressing a solid object 


108 


PAIN, VISCERAL PAIN, HEADACHE, AND THERMAL SENSATIONS 


109 


against a protruding bone with measured force, or 
heating the skin with measured amounts of heat. The 
latter methods has proved to be especially accurate 
from a quantitative point of view. 

Figure 8-1 illustrates the basic principles of a heat 
apparatus used for measuring pain threshold. An in¬ 
tense light is focused by a large condenser lens onto a 
black spot painted on the forehead of the subject, and 
the heat intensity delivered by the light is controlled 
by a rheostat. In determining the subject’s threshold 
for pain, the intensity of the heat is increased in pro¬ 
gressive steps, and the length of time required for the 
forehead to heat sufficiently to elicit pain is recorded 
for each heat intensity. These data are then plotted in 
the form of a “strength-duration curve” to express 
pain threshold, as follows. 

Strength-Duration Curve for Expressing Pain 
Threshold. Figure 8-2 illustrates a typical 
strength-duration curve obtained by using the above 
procedure for measuring pain threshold. This curve 
is almost identical with the strength-duration curves 
discussed in Chapter 1 for stimulation of nerve 
fibers by electrical currents of increasing intensities. 
Note that a very intense stimulus applied for only a 
second elicits a sensation of pain while a stimulus of 
much less intensity may require many seconds. The 
lowest intensity of stimulus that will excite the sensa¬ 
tion of pain when the stimulus is applied for a pro¬ 
longed period of time is called the pain threshold. 

The Intensity of Pain—“JND’s.” The increase in 
stimulus intensity that will barely cause a detectable 
difference in degree of pain is called a just noticeable 
difference (JND). By applying all different stimulus 
intensities between the level of no pain at all and the 
most intense pain that a person can distinguish, it has 
been found that approximately 22 JND’s can be dis¬ 
cerned by the average person. 

Figure 8-3 illustrates the relationship of stimulus 
intensity (applied by the apparatus of Fig. 8-1) to 
the intensity of pain expressed in JND’s. 

Uniformity of Pain Threshold in Different 
People. Figure 8-4 shows graphically the 



Figure 8-1. Heat apparatus for measuring pain 
threshold. (From Hardy, Wolff, and Goodell: /. Clin. In¬ 
vest, 19:649, 1940.) 



Figure 8-2. Strength-duration curve for depicting pain 
threshold. (From Hardy: J. Chronic Dis., 4:20, 1956.) 


skin temperature at which pain is first perceived 
by different persons. By far the greatest number 
of subjects perceive pain when the skin temper¬ 
ature reaches almost exactly 45° C., and almost 
everyone perceives pain before the temperature 
reaches 47° C. In other words, it is almost never 
true that some persons are unusually sensitive 
or insensitive to pain. Indeed, measurements in 
people as widely different as Eskimos, Indians, 
and whites have shown no significant differ¬ 
ences in their thresholds for pain. However, dif¬ 
ferent people do react very differently to pain, 
as is discussed below. 


THE PAIN RECEPTORS AND 
THEIR STIMULATION 

Free Nerve Endings as Pain Receptors. 

The pain receptors in the skin and other tissues 
are all free nerve endings. They are widespread 
in the superficial layers of the skin and also in 
certain internal tissues, such as the periosteum, 
the arterial walls, the joint surfaces, and the 
falx and tentorium of the cranial vault. Most of 
the other deep tissues are not extensively 
supplied with pain endings but are weakly 
supplied; nevertheless, any widespread tissue 



Figure 8-3. Pain intensity, expressed in JND’s, at dif¬ 
ferent intensities of stimulus. (From Hardy: /. Chronic 
Dis., 4:22, 1956.) 
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Figure 8-4. Distribution curve obtained from a large 
number of subjects of the minimal skin temperature that 
causes pain. (Modified from Hardy: ]. Chronic Dis., 4:22, 
1956.) 


damage can still summate to cause the aching 
type of pain in these areas. 

Nonadapting Nature of Pain Receptors. In 
contrast to most other sensory receptors of the 
body the pain receptors adapt either not at all or 
almost not at all. In fact, under some condi¬ 
tions, the threshold for excitation of the pain 
fibers becomes progressively lower and lower 
as the pain stimulus continues, thus allowing 
these receptors to become progressively more 
activated with time. This increase in sensitivity 
of the pain receptors is called hyperalgesia. 

One can readily understand the importance of 
this failure of pain receptors to adapt, for it al¬ 
lows them to keep the person apprised of a 
damaging stimulus that causes the pain as long 
as it persists. 

RATE OF TISSUE DAMAGE AS THE 
CAUSE OF PAIN 

The average critical temperature of 45° C. at 
which a person first begins to perceive pain is 
also the temperature at which the tissues begin 
to be damaged by heat; indeed, the tissues are 
eventually completely destroyed if the tempera¬ 
ture remains at this level indefinitely. There¬ 
fore, it is immediately apparent that pain result¬ 
ing from heat is closely correlated with the abil¬ 
ity of heat to damage the tissues. 


Furthermore, in studying soldiers who had 
been severely wounded in World War II, it was 
found that the majority of them felt little or no 
pain except for a short time after the severe 
wound had been sustained. This, too, indicates 
that pain generally is not felt after damage has 
been done but only while damage is being done. 

Bradykinin and Similar Polypeptides as 
Possible Stimulators of Pain Endings. The 
precise mechanism by which tissue damage 
stimulates pain endings is not known. However, 
many research workers have shown that ex¬ 
tracts from damaged tissues cause intense pain 
when injected beneath the normal skin. There¬ 
fore, it is almost certain that some chemical 
substance or substances released from damaged 
tissues excite the pain nerve endings. 

There are many reasons to believe that the 
substance bradykinin or some similar polypep¬ 
tide might be the principal substance that stimu¬ 
lates pain endings. For instance, when this sub¬ 
stance is injected in extremely minute quantities 
underneath the skin, severe pain is felt. Fur¬ 
thermore, cell damage releases proteolytic en¬ 
zymes that almost immediately split bradykinin 
and other similar substances from the globulins 
in the interstitial fluid. And, finally, bradykinin 
and similar substances can be found in the skin 
when painful stimuli are applied. 

Thus, the postulated mechanism for eliciting 
pain: damage to cells releases proteolytic en¬ 
zymes that then split bradykinin and associated 
substances from globulin, and these in turn 
stimulate the nerve endings. 

Tissue Ischemia and Muscle Spasm as 
Causes of Pain. When blood flow to a tissue is 
blocked, the tissue becomes very painful within 
a few minutes. And the greater the rate of 
metabolism of the tissue, the more rapidly the 
pain appears. For instance, if a blood pressure 
cuff is placed around the upper arm and inflated 
until the arterial blood flow ceases, exercise of 
the forearm muscles can cause severe muscle 
pain within 15 to 20 seconds. In the absence of 
muscle exercise, the pain will not appear for 
three to four minutes. Cessation of blood flow 
to the skin, in which the metabolic rate is very 
low, usually does not cause pain for about 20 to 
30 minutes. 

Muscle spasm is also a frequent cause of 
pain. The reason for this is probably two-fold. 
First, the contracting muscle compresses the in¬ 
tramuscular blood vessels and either reduces or 
cuts off the blood flow. Second, muscle con¬ 
traction increases the rate of metabolism of the 
muscle. Therefore, muscle spasm probably 
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causes relative muscle ischemia so that typical 
ischemic pain results. 

i The cause of pain in ischemia is yet unknown; 
however, it is relieved by supplying oxygen to 
the ischemic tissue. Flow of unoxygenated 
blood to the tissue will not relieve the pain. 

One of the suggested causes of pain in ische¬ 
mia is accumulation of large amounts of lactic 
acid in the tissues, formed as a consequence of 
the anaerobic metabolism (metabolism without 
oxygen) that occurs during ischemia. However, 
it is also possible that other chemical agents, 
such as bradykinin and the polypeptides, are 
formed in the tissues because of muscle cell 
damage and that these, rather than lactic acid, 

I stimulate the pain nerve endings. 

TICKLING AND ITCH 

The phenomenon of tickling and itch has 
often been stated to be caused by very mild 
stimulation of pain nerve endings, since 
whenever pain is blocked by anesthesia of a 
nerve or by compressing the nerve, the phe¬ 
nomenon of tickling and itch also disappears. 
However, recent neurophysiologic studies have 
demonstrated the existence of very sensitive 
free nerve endings that elicit only the itch sensa¬ 
tion. Furthermore, these endings are found al¬ 
most exclusively in the superficial layers of the 
skin, which is also the only tissue from which 
the itch sensation can usually be elicited. 
Furthermore, exciting itch receptors in animals 
initiates scratch reflexes, which contrasts with 
the effect of exciting pain nerve endings that 
always causes withdrawal reflexes instead. 

Therefore, it seems clear that the itch and 
tickle sensations are transmitted by very small 
type C fibers similar to those that transmit the 
burning type of pain; these fibers, however, are 
distinctly separate from the pain fibers. Fur¬ 
thermore, the endings of these fibers are readily 
excited by light mechanoreceptive stimuli, indi¬ 
cating that they are mechanoreceptors in con¬ 
tradistinction to the probable chemoreceptor 
nature of pain fibers. 

The purpose of the itch sensation is presuma¬ 
bly to call attention to mild surface stimuli such 
as a flea crawling on the skin or a fly about to 
bite, and the elicited signals then lead to 
scratching or other maneuvers that rid the host 
of the irritant. 

The relief of itch by the process of scratching 
occurs only when the irritant is removed or 
when the scratch is strong enough to elicit pain. 
The pain signals are believed to suppress the 


itch signals in the cord by a process of inhibition 
that will be described later in the chapter. 

TRANSMISSION OF PAIN 
SIGNALS INTO THE 
CENTRAL NERVOUS SYSTEM 

“Fast” Pain Fibers and “Slow” Pain Fibers. 

Pain signals are transmitted by small delta type 
A fibers at velocities of between 3 and 20 meters 
per second and also by type C fibers at veloc¬ 
ities between 0.5 and 2 meters per second. 
When the delta type A fibers are blocked with¬ 
out blocking the C fibers by moderate compres¬ 
sion of the nerve trunk, the pricking type of pain 
disappears. On the other hand, when the type C 
fibers are blocked without blocking the delta 
fibers by low concentrations of local anesthetic, 
the burning and aching types of pain disappear. 

Therefore, a sudden onset of painful stimulus 
gives a “double” pain sensation: a fast pricking 
pain sensation followed a second or so later by a 
slow burning pain sensation. The pricking pain 
presumably apprises the person very rapidly of 
a damaging influence and, therefore, plays an 
important role in making the person react im¬ 
mediately to remove himself from the stimulus. 
On the other hand, the slow burning sensation 
tends to become more and more painful over a 
period of time. It is this sensation that gives one 
the intolerable suffering of pain. 

Transmission in the Spinothalamic and 
Spinoreticular Tracts. Pain fibers enter the 
cord through the dorsal roots, ascend or de¬ 
scend one to two segments in the tract of Lis- 
sauer, and then terminate on neurons in the 
dorsal horns of the cord gray matter. Here the 
signals probably pass through one or more addi¬ 
tional short-fibered neurons, the last of which 
gives rise to long fibers that cross immediately 
to the opposite side of the cord in the anterior 
commissure and pass upward to the brain via 
the spinothalamic and spinoreticular tracts. As 
discussed in the previous chapter, most of the 
pain fibers lie in the lateral portions of the 
spinothalamic and spinoreticular tracts; some 
pain fibers, however, are found in all areas of 
the entire anterolateral quadrant of the cord 
white columns. 

We shall see later that the intensity of pain 
signals can be modified markedly as they pass 
through the neuronal synapses of the gray mat¬ 
ter of the dorsal horns, especially in response to 
simultaneous signals transmitted by mech- 
anoreceptor sensory nerve fibers and in re- 
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sponse to signals entering the dorsal horns from 
the brain via corticofugal fibers. 

As the pain pathways pass into the brain they 
separate into two separate pathways: the prick¬ 
ing pain pathway composed almost entirely of 
small type A delta fibers, and the burning pain 
pathway composed almost entirely of the slow 
type C fibers. 

The Pricking Pain Pathway. Figure 8-5 
illustrates that the pricking pain pathway termi¬ 
nates in the caudalmost portion of the ven- 
trobasal complex, an area that is the human 
analogue of the posterior nuclear group in lower 
animals. From here signals are transmitted into 
other areas of the thalamus and to the somatic 
sensory cortex. Most of the fibers from this area 
probably go to somatic sensory area II, as was 
explained in the previous chapter. However, it 
is possible that a few pass also to somatic sen¬ 
sory area I. 

The Burning Pain Pathway—Stimulation of 
the Reticular Activating System. Figure 8-5 
shows that the burning and aching pain fibers 
terminate in the reticular area of the brain stem 
and in the intralaminar nuclei of the thalamus, 
the nonspecific nuclei located among the 
thalamic specific nuclei. Both the reticular area 
of the brain stem and the intralaminar nuclei are 
parts of the reticular activating system. In 
Chapter 54 we will discuss in detail the func- 
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Figure 8-5. Transmission of pain signals into the 
hindbrain, thalamus, and cortex. 


tions of this system; briefly, however, it trans¬ 
mits activating signals into essentially all parts 
of the brain, especially upward through the 
thalamus to all areas of the cerebral cortex and 
also into the basal regions of the brain around 
the thalamus including very importantly the 
hypothalamus. 

Thus, the burning and aching pain fibers, be¬ 
cause they do excite the reticular activating sys¬ 
tem, have a very potent effect on activating es¬ 
sentially the entire nervous system, that is, to 
arouse one from sleep, to create a state of ex¬ 
citement, to create a sense of urgency, and to 
promote defense and aversion reactions de¬ 
signed to rid the person or animal of the painful 
stimulus. 

The signals that are transmitted through the 
burning pain pathway can be localized only to 
very gross areas of the body, if they can be 
localized at all. Therefore, these signals are de¬ 
signed almost entirely for the single purpose of 
calling one’s attention to injurious processes in 
the body. They create suffering that is some¬ 
times intolerable. Their gradation of intensity is 
poor; instead, weak pain signals can summate 
over a period of time by a process of temporal 
summation to create an unbearable feeling even 
though the same pain for short periods of time 
may be relatively mild. 

Function of the Thalamus and Cerebral 
Cortex in the Appreciation of Pain. Com¬ 
plete removal of the somatic sensory areas of 
the cerebral cortex does not destroy one’s abil¬ 
ity to perceive pain. Therefore, it is believed 
that pain impulses entering only the thalamus 
and lower centers cause at least some conscious 
perception of pain. However, this does not 
mean that the cerebral cortex has nothing to do 
with normal pain appreciation; indeed, electri¬ 
cal stimulation of the somesthetic cortical areas 
causes a person to perceive mild pain in approx¬ 
imately 3 per cent of the stimulations. Further¬ 
more, lesions in these areas, particularly in 
somatic sensory area II, at times give rise to 
severe pain. Thus, there is reason to believe 
that somatic sensory area II may be more con¬ 
cerned with pain sensation than is somatic sen¬ 
sory area I. 

Localization of Pain in the Body. Most 
localization of pain probably results from simul¬ 
taneous stimulation of tactile receptors along 
with the pain stimulation. However, the prick¬ 
ing type of pain, transmitted through delta type 
A fibers, can be localized perhaps within 10 to 
20 cm. of the stimulated area. On the other 
hand, the burning and aching types of pain. 
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I 

i transmitted through type C fibers, is localizable 
I only very grossly, perhaps to a major part of the 
h body such as a limb but certainly not to small 
I areas. This is in keeping with the fact that these 
I fibers terminate extremely diffusely in the 
j hindbrain and thalamus. 

I Surgical Interruption of Pain Pathways. Often a 
person has such severe and intractable pain (this 
often results from rapidly spreading cancer), that it is 
necessary to relieve the pain. To do this the pain 
pathway can be destroyed at any one of several dif¬ 
ferent points. If the pain is in the lower part of the 
body, a cordotomy in the upper thoracic region usu¬ 
ally relieves the pain. To do this, the spinal cord on 
the side opposite to the pain is sectioned almost en¬ 
tirely through its anterolateral quadrant, which inter- 
: rupts the spinothalamic tracts. 

A cordotomy does not relieve pain in the upper 
part of the body because many pain fibers from the 
upper body do not cross to the opposite side of the 
spinal cord before reaching the medulla. In these pa¬ 
tients, the lateral spinothalamic tract is sectioned in 
the brain stem where it passes over the inferior olive. 
This procedure is called a bulbar tractotomy. 

Finally, if the pain originates in the neck or face, 
even a bulbar tractotomy is not satisfactory. Pain 
sometimes originates within the thalamus or 
elsewhere in the central pain pathways beyond the 
tractotomy site, as will be discussed later in the chap¬ 
ter. To relieve these types of pain, extirpation of 
either somatic sensory area I or somatic sensory area 
II has been attempted, but almost always without 
success—indeed, sometimes with exacerbation of 
the pain. Recently, however, it has been claimed that 
destruction of specific portions of the intralaminar 
nuclei in the thalamus can relieve the suffering elic¬ 
ited by pain while still leaving intact one’s apprecia¬ 
tion of the pricking quality of pain, which remains an 
important protective mechanism. Unfortunately, 
such operations are so difficult to perform without 
damaging other vital areas of the thalamus that they 
have been successful in only a few instances. 

THE REACTION TO PAIN 

Even though the threshold for recognition of 
pain remains approximately equal from one 
person to another, the degree to which each one 
reacts to pain varies tremendously. Stoical per¬ 
sons, such as members of the American Indian 
race, react to pain far less intensely than do 
more emotional persons. In the preceding chap¬ 
ter, it was pointed out that conditioning im¬ 
pulses entering the sensory areas of the central 
nervous system from various portions of the 
central and peripheral nervous systems can de¬ 
termine whether incoming sensory impulses 
will be transmitted extensively or weakly to 
other areas of the brain. It is probably some 


such mechanism as this that determines how 
much one reacts to pain. 

Pain causes both reflex motor reactions and 
psychic reactions. Some of the reflex actions 
occur directly from the spinal cord, for pain im¬ 
pulses entering the gray matter of the cord can 
directly initiate “withdrawal reflexes” that re¬ 
move the body or a portion of the body from the 
noxious stimulus, as will be discussed in Chap¬ 
ter 9. These primitive spinal cord reflexes, 
though important in lower animals, are mainly 
suppressed in the human being by the higher 
centers of the central nervous system. Yet, in 
their place, much more complicated and more 
effective reflexes from the motor cortex are in¬ 
itiated by the pain stimuli to eliminate the pain¬ 
ful stimulus. 

The psychic reactions to pain are likely to be 
far more subtle; they include all the well-known 
aspects of pain such as anguish, anxiety, crying, 
depression, nausea, and excess muscular ex¬ 
citability throughout the body. These reactions 
vary tremendously from one person to another 
following comparable degrees of pain stimuli. 

THE ‘‘GATING^^ THEORY FOR CONTROL 
OF THE REACTION TO PAIN 

It is common experience that two types of non¬ 
pain signals from other parts of the nervous system 
can greatly alter the degree of transmission of pain 
through the spinal cord. 

1. Stimulation of the large sensory fibers from 
peripheral mechanoreceptors greatly depresses the 
transmission of pain signals either from the same area 
of the body or from areas sometimes located many 
segments away. 

2. Corticofugal signals from the brain can decrease 
pain sensitivity. 

A special quality of the suppression caused both by 
the cutaneous mechanoreceptors and by the brain is 
that even after the signals are over the pain some¬ 
times remains suppressed for an hour or more there¬ 
after. 

Mechanism of Pain Gating. Unfortunately, the 
detailed mechanism of pain gating is not known. 
However, the general mechanism is probably the fol¬ 
lowing: After the pain fibers enter the spinal cord and 
pass into the tract of Lissauer, within one or two 
segments they terminate in the substantia gelatiuosa, 
a group of small neurons located near the tip of the 
dorsal horn. The pain signals are then transmitted 
through one or more additional neurons before pass¬ 
ing upward through the long pathways to the brain. 
However, there are other inputs to the substantia 
gelatinosa in addition to the pain fibers. For instance, 
collaterals from the mechanoreceptors terminate in 
the mid-portion of the dorsal horns, and from here 
second order neurons send short axons dorsally in 
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the dorsal horns to terminate in the substantia 
geiatinosa. Most of these terminate on the pain fiber 
axons before they synapse with the neurons of the 
substantia geiatinosa, and they cause presynaptic in¬ 
hibition, a mechanism explained in Chapter 4. In a 
similar manner, corticofugal pathways also terminate 
in the substantia geiatinosa where they, too, cause 
presynaptic inhibition. 

Thus, signals either from the mechanoreceptors or 
from the corticofugal fibers can greatly depress the 
transmission of pain signals from the pain fibers into 
the successive levels of the pain pathway. 

Treatment of Pain by Exciting the Dorsal Col¬ 
umn Sensory Pathway. Experiments have shown 
that mild electrical excitation of the large sensory 
fibers of peripheral nerves or even electrical excita¬ 
tion of the large fibers of the dorsal columns in the 
spinal cord can often suppress pain. When the large 
peripheral fibers are stimulated, the suppression 
probably results from presynaptic inhibition in the 
substantia geiatinosa. When the dorsal columns are 
excited, a similar type of inhibition probably occurs 
at the brain stem level. It is possible that future ad¬ 
vances in this area of “counter-stimulation” will 
allow relief from many types of presently unbearable 
pain. 

A Possible Physiologic Basis for Acu¬ 
puncture. One will recognize that the gating theory 
of pain control provides a partial physiologic basis 
for the claims of acupunture. That is, stimulation of 
non-painful fibers, the mechanoreceptor sensory af- 
ferents, can suppress pain signals. In addition, strong 
conditioning signals from the brain can also suppress 
pain. A combination of these two could help to pro¬ 
vide an explanation for the success of acupuncture in 
some people. Also, it can explain the efficacy of skin 
irritants or heat to relieve pain—for instance, the use 
of liniments on the skin to relieve pain of overly 
exercised muscles. 

REFERRED PAIN 

Often a person feels pain in a part of his body 
that is considerably removed from the tissues 
causing the pain. This pain is called referred 
pain. On occasion, pain can even be referred 
from one surface area of the body to another, 
but more frequently it is initiated in one of the 
visceral organs and referred to an area of the 
body surface. Also, pain may originate in a vis- 
cus and be referred to another deep area of the 
body not exactly coincident with the location of 
the viscus producing the pain. A knowledge of 
these different types of referred pain is ex¬ 
tremely important because many visceral ail¬ 
ments cause no other signs except referred 
pain. 

Mechanism of Referred Pain. Figure 8-6 
illustrates the most generally accepted mech- 



Figure 8-6. Mechanism of referred pain and referred 
hyperalgesia. 

anism by which most pain is referred. In the 
figure, branches of visceral pain fibers are 
shown to synapse in the spinal cord with some 
of the same second order neurons that receive 
pain fibers from the skin. When the visceral 
pain fibers are stimulated intensely, pain sensa¬ 
tions from the viscera spread into some of the 
neurons that normally conduct pain sensations 
only from the skin, and the person has the feel¬ 
ing that the sensations actually originate in the 
skin itself. It is also possible that some referred 
pain results from convergence of visceral and 
skin impulses at the level of the thalamus rather 
than in the spinal cord. 

REFERRED PAIN CAUSED BY 
REFLEX MUSCULAR SPASM 

Some types of referred pain are caused secondarily 
by reflex muscular spasm. For instance, pain in a 
ureter can cause reflex spasm of the lumbar muscles. 
Often the pain from the ureter itself is hardly felt at 
all, but instead almost all the pain results from spasm 
of the lumbar muscles. 

Many back pains and some types of headache also 
appear to be caused by muscular spasm, the spasm 
originating reflexly from much weaker pain impulses 
originating elsewhere in the body. 


VISCERAL PAIN 

In clinical diagnosis, pain from the different 
viscera of the abdomen and chest is one of the 
few criteria that can be used for diagnosing vis¬ 
ceral inflammation, disease, and other ailments. 
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In general, the viscera have sensory receptors 
for no other modalities of sensation besides 
pain, and visceral pain differs from surface pain 
in many important aspects. 

One of the most important differences be¬ 
tween surface pain and visceral pain is that 
highly localized types of damage to the viscera 
rarely cause severe pain. For instance, a sur¬ 
geon can cut the gut entirely in two in a patient 
who is awake without causing significant pain. 
On the other hand, any stimulus that causes dif¬ 
fuse stimulation of pain nerve endings through¬ 
out a viscus causes pain that can be extremely 
severe. For instance, occluding the blood sup¬ 
ply to a large area of gut stimulates many diffuse 
pain fibers at the same time and can result in 
extreme pain. 

CAUSES OF TRUE VISCERAL PAIN 

Any stimulus that excites pain nerve endings 
in diffuse areas of the viscera causes visceral 
pain. Such stimuli include ischemia of visceral 
tissue, chemical damage to the surfaces of the 
viscera, spasm of the smooth muscle in a hollow 
viscus, distention of a hollow viscus, or stretch¬ 
ing of the ligaments. Essentially all of the true 
visceral pain originating in the thoracic and ab¬ 
dominal cavities is transmitted through sensory 
nerve fibers that run in the sympathetic nerves. 
These fibers are small type C fibers and, there¬ 
fore, can transmit only burning and aching 
types of pain. The pathways for transmitting 
true visceral pain will be discussed in detail 
later in the chapter. 

Ischemia. Ischemia causes visceral pain in 
exactly the same way that it does in other tis¬ 
sues, presumably because of the formation of 
acidic metabolic end-products or tissue de¬ 
generative products, such as bradykinin, that 
stimulate the pain nerve endings. 

Chemical Stimuli. On occasion, damaging 
substances leak from the gastrointestinal tract 
into the peritoneal cavity. For instance, pro¬ 
teolytic acidic gastric juice often leaks through a 
ruptured gastric or duodenal ulcer. This juice 
causes widespread digestion of the visceral 
peritoneum, thus stimulating extremely broad 
areas of pain fibers. The pain is usually ex¬ 
tremely severe. 

Spasm of a Hollow Viscus. Spasm of the 
gut, the gallbladder, a bile duct, the ureter, or 
any other hollow viscus can cause pain in 
exactly the same way that spasm of the skeletal 
muscle causes pain. This presumably results 
from diminished blood flow to the muscle, com¬ 


bined with increased metabolic need of the 
muscle for nutrients. Thus, relative ischemia 
develops, which causes severe pain. 

Often, pain from a spastic viscus occurs in 
the form of cramps, the pain increasing to a high 
degree of severity and then subsiding, this 
process continuing rhythmically once every few 
minutes. The rhythmic cycles result from 
rhythmic contraction of smooth muscle. For in¬ 
stance, each time a peristaltic wave travels 
along an overly excitable spastic gut, a cramp 
occurs. The cramping type pain frequently oc¬ 
curs in gastroenteritis, constipation, menstrua¬ 
tion, parturition, gallbladder disease, or ureteral 
obstruction. 

Overdistention of a Hollow Viscus. Ex¬ 
treme overfilling of a hollow viscus also results 
in pain, presumably because of overstretch of 
the tissues themselves. However, overdisten¬ 
tion can also collapse the blood vessels that en¬ 
circle the viscus, or that pass into its wall, 
thereby perhaps promoting ischemic pain. 

PARIETAL” PAIN CAUSED BY 
VISCERAL DAMAGE 

In addition to true visceral pain, some pain 
sensations are also transmitted from the viscera 
through nerve fibers that innervate the parietal 
peritoneum, pleura, or pericardium. The 
parietal surfaces of the visceral cavities are 
supplied mainly by spinal nerve fibers that 
penetrate from the surface of the body inward. 

Characteristics of Parietal Visceral Pain. 
When a disease affects a viscus, it often spreads 
to the parietal wall of the visceral cavity. This 
wall, like the skin, is supplied with extensive 
innervation including the “fast” delta fibers, 
which are different from the fibers in the true 
visceral pain pathways of the sympathetic 
nerves. Therefore, pain from the parietal wall of 
a visceral cavity is frequently very sharp and 
pricking in quality, though it can also have burn¬ 
ing and aching qualities if the pain stimulus is 
diffuse. Thus, a knife incision through the 
parietal peritoneum is very painful, even 
though a similar cut through the visceral 
peritoneum or through a gut is not painful. 

INSENSITIVE VISCERA 

A few visceral areas are almost entirely in¬ 
sensitive to pain of any type. These include the 
parenchyma of the liver and the alveoli of the 
lungs. Yet the \\vox capsule is extremely sensi¬ 
tive to both direct trauma and stretch, and the 
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bile ducts are also sensitive to pain. In the 
lungs, even though the aveoli are insensitive, 
the bronchi and the parietal pleura are both very 
sensitive to pain. 

LOCALIZATION OF VISCERAL PAIN- 
REFERRED VISCERAL PAIN 

Pain from the different viscera is frequently 
difficult to localize for a number of reasons. 
First, the brain does not know from firsthand 
experience that the different organs exist, and, 
therefore, any pain that is localized internally 
can be localized only generally. Second, sensa¬ 
tions from the abdomen and thorax are trans¬ 
mitted by two separate pathways to the central 
nervous system—the true visceral pathway and 
the parietal pathway. The true visceral pain is 
transmitted via sensory fibers of the autonomic 
nervous system, and the sensations are referred 
to surface areas of the body often far from the 
painful organ. On the other hand, parietal sen¬ 
sations are conducted directly from the parietal 
peritoneum, pleura, or pericardium, and the 
sensations are usually localized directly over 
the painful area. 

The Visceral Pathway for Transmission of 
Pain. Most of the internal organs of the body 
are supplied by type C pain fibers that pass 
along the visceral sympathetic nerves into the 
spinal cord and thence up the lateral spi¬ 
nothalamic tract along with the pain fibers from 
the body’s surface. A few visceral pain fibers— 
those from the distal portion of the colon, from 
the rectum, and from the bladder—enter the 
spinal cord through the sacral parasympathetic 
nerves, and some enter the central nervous sys¬ 
tem through various cranial nerves. These in¬ 
clude fibers in the glossopharyngeal and vagus 
nerves, which transmit pain from the pharynx, 
trachea, and upper esophagus. And fibers from 
the surfaces of the diaphragm as well as from 
the lower esophagus are carried in the phrenic 
nerves. 

Localization of Referred Pain Transmitted by the 
Visceral Pathways. The position in the cord to 
which visceral afferent fibers pass from each 
organ depends on the segment of the body from 
which the organ developed embryologically. 
For instance, the heart originated in the neck 
and upper thorax. Consequently, the heart’s 
visceral pain fibers enter the cord all the way 
from C-3 down to T-5. The stomach had its ori¬ 
gin approximately from the seventh to the ninth 
thoracic segments of the embryo, and conse¬ 
quently the visceral afferents from the stomach 


enter the spinal cord between these levels. The 
gallbladder had its origin almost entirely in the 
ninth thoracic segment, so that the visceral 
afferents from the gallbladder enter the spinal 
cord at T-9. 

Because the visceral afferent pain fibers are 
responsible for transmitting referred pain from 
the viscera, the location of the referred pain on 
the surface of the body is in the dermatome of 
the segment from which the visceral organ was 
originally derived in the embryo. Some of the 
areas of referred pain on the surface of the body 
are shown in Figure 8-7. 

The Parietal Pathway for Transmission of 
Abdominal and Thoracic Pain. Where spinal 
nerves overlie the abdomen or thorax, pain 
fibers penetrate inward to innervate the parietal 
peritoneum, parietal pleura, and parietal 
pericardium. Also, retroperitoneal visceral or¬ 
gans and perhaps portions of the mesentery are 
innervated to some extent by parietal pain 
fibers. The kidney, for instance, is supplied by 
both visceral and parietal fibers. 

Pain from the viscera is frequently localized 
in two surface areas of the body because of the 
dual pathways for transmission of pain. Figure 
8-8 illustrates dual transmission of pain from 
an inflamed appendix. Impulses pass from the 
appendix through the sympathetic visceral pain 
fibers into the sympathetic chain and then into 
the spinal cord at approximately T-lOorT-11; 
this pain is referred to an area around the um- 



Figure 8-7. Surface areas of referred pain from different 
visceral organs. 
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Figure 8-8. Visceral and parietal transmission of pain 
from the appendix. 


bilicus and is of the aching, cramping type. On 
the other hand, pain impulses also often origi¬ 
nate in the parietal peritoneum where the in¬ 
flamed appendix touches the abdominal wall, 
and these impulses pass directly through the 
spinal nerves into the spinal cord at a level of 
approximately L-1 or L-2. This pain is localized 
directly over the irritated peritoneum in the 
right lower quadrant of the abdomen and is of 
the sharp type. 

VISCERAL PAIN FROM VARIOUS 
ORGANS 

Cardiac Pain. Almost all pain that originates in 
the heart results from ischemia secondary to coro¬ 
nary sclerosis, which blocks the coronary arteries. 
This pain is referred mainly to the base of the neck, 
over the shoulders, over the pectoral muscles, and 
down the arms. Most frequently, the referred pain is 
on the left side rather than on the right—probably 
because the left side of the heart is much more fre¬ 
quently involved in coronary disease than is the right 
side—but occasionally mild referred pain occurs on 
the right side of the body as well as on the left. 

The pain impulses are conducted through nerves 
passing to the middle cervical ganglia, to the stellate 
ganglia, and to the first four or five thoracic ganglia of 
the sympathetic chains. Then the impulses pass into 
the spinal cord through the second, third, fourth and 
fifth thoracic spinal nerves. 

Direct Parietal Pain from the Heart. When coro¬ 


nary ischemia is extremely severe, such as im¬ 
mediately after a coronary thrombosis, intense car¬ 
diac pain sometimes occurs directly underneath the 
sternum simultaneously with pain referred to other 
areas. This direct pain from underneath the sternum 
is difficult to explain on the basis of the visceral nerve 
connections. Therefore, it is highly probable that 
sensory nerve endings passing from the heart through 
the pericardial reflections around the great vessels 
conduct this direct pain. 

In addition to pain from the heart, other sensations 
may accompany coronary thrombosis. One of these 
is a tight, oppressive sensation beneath the sternum. 
The exact cause of this is unknown, but a possible 
cause is reflex spasm of blood vessels, bronchioles, 
or muscles in the chest region. 

Relief of Referred Cardiac Pain by Sympathec¬ 
tomy. To interrupt pain impulses from the heart one 
can either cut the sympathetic nerves that pass from 
the heart to the sympathetic chains or, as is usually 
performed, cut nerve fibers as they pass through the 
sympathetic chains into the spinal cord. Relief of 
cardiac pain can frequently be accomplished simply 
by removing the sympathetic chain from T-2 through 
T-5 on only the left side, but sometimes it is neces¬ 
sary to remove the fibers on both sides in order to 
obtain satisfactory results. 

Esophageal Pain. Pain from the esophagus is 
usually referred to the pharynx, to the lower neck, to 
the arms, or to midline chest regions beginning at the 
upper portion of the sternum and ending approxi¬ 
mately at the lower level of the heart. Irritation of the 
gastric end of the esophagus may cause pain directly 
over the heart, though the pain has nothing what¬ 
soever to do with the heart. Such pain may be caused 
by spasm of the cardia, the area where the esophagus 
empties into the stomach, which causes excessive 
dilatation of the lower esophagus, or it may result 
from chemical, bacterial, or other types of inflam¬ 
matory irritations. 

Gastric Pain. Pain arising in the fundus of the 
stomach—usually caused by gastritis—is referred to 
the anterior surface of the chest or upper abdomen 
from slightly below the heart to an inch or so below 
the xyphoid process. These pains are frequently 
characterized as burning pains; and they, or pains 
from the lower esophagus, cause the condition 
known as “heartburn.” 

Most peptic ulcers occur within 1 to 2 inches on 
either side of the pylorus in the stomach or in the 
duodenum, and pain from such ulcers is usually re¬ 
ferred to a surface point approximately midway be¬ 
tween the umbilicus and the xyphoid process. The 
origin of ulcer pain is almost undoubtedly chemical, 
because when the acid juices of the stomach are not 
allowed to reach the pain fibers in the ulcer crater the 
pain does not exist. This pain is characteristically 
intensely burning. 

Biliary and Gallbladder Pain. Pain from the bile 
ducts and gallbladder is localized in the midepigas¬ 
trium almost coincident with pains caused by peptic 
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ulcers. Also, biliary and gallbladder pain is often 
burning, like that from ulcers, though cramps often 
occur too. 

Biliary disease, in addition to causing pain on the 
abdominal surface, frequently refers pain to a small 
area at the tip of the right scapula. This pain is trans¬ 
mitted through sympathetic afferent fibers that enter 
the ninth thoracic segment of the spinal cord. 

Pancreatic Pain. Lesions of the pancreas, such 
as acute or chronic pancreatitis in which the pancre¬ 
atic enzymes eat away the pancreas and surrounding 
structures, promote intense pain in areas both an¬ 
terior to and behind the pancreas. It should be re¬ 
membered that the pancreas is located beneath the 
parietal peritoneum and that it receives many sen¬ 
sory fibers from the posterior abdominal wall. There¬ 
fore, the pain is frequently localized directly behind 
the pancreas in the back and is severe and burning in 
character. 

Renal Pain. The kidney, kidney pelvis, and ure¬ 
ters are all retroperitoneal structures and receive 
most of their pain fibers directly from skeletal nerves. 
Therefore, pain is usually felt directly behind the ail¬ 
ing structure. However, pain occasionally is referred 
via visceral afferents to the anterior abdominal wall 
below and about 2 inches to the side of the umbilicus. 

Pain from the bladder is felt directly over the blad¬ 
der, presumably because the bladder is well inner¬ 
vated by parietal pain fibers. However, pain is also 
frequently referred into the groin and testicles be¬ 
cause some nerve fibers from the bladder apparently 
synapse in the cord in association with fibers from 
the genital areas. 

Uterine Pain. Both parietal and visceral afferent 
pain may be transmitted from the uterus. The low 
abdominal cramping pains of dysmenorrhea are 
mediated through the sympathetic afferents, and an 
operation to cut the hypogastric nerves between the 
hypogastric plexus and the uterus will in many in¬ 
stances relieve this pain. On the other hand, lesions 
of the uterus that spread into the adnexa around the 
uterus, or lesions of the fallopian tubes and broad 
ligaments, usually cause pain in the lower back or 
side. This pain is conducted over parietal nerve fibers 
and is usually sharper in nature rather than resem¬ 
bling the diffuse cramping pain of true dys¬ 
menorrhea. 


SOME CLINICAL 
ABNORMALITIES OF PAIN 
AND OTHER SENSATIONS 

HYPERALGESIA 

A pain pathway may become excessively excita¬ 
ble; this gives rise to hyperalgesia, which means 
hypersensitivity to pain. The basic causes of 
hyperalgesia are: (1) excessive sensitivity of the pain 
receptors themselves, which is called primary 
hyperalgesia, or facilitation of sensory transmission, 
which is called secondary hyperalgesia. 


An example of primary hyperalgesia is the extreme 
sensitivity of sunburned skin. Secondary hyper¬ 
algesia frequently results from lesions in the spinal 
cord or in the thalmus. Several of these will be dis¬ 
cussed in subsequent sections. 

THE THALAMIC SYNDROME 

Occasionally the posterolateral branch of the pos¬ 
terior cerebral artery, a small artery supplying the 
posteroventral portion of the thalamus, becomes 
blocked by thrombosis, so that the nuclei of this area 
of the thalamus degenerate, while the medial and an¬ 
terior nuclei of the thalamus remain intact. The pa¬ 
tient suffers a series of abnormalities, as follows: 
First, loss of almost all sensations from the opposite 
side of the body occurs because of destruction of the 
relay nuclei. Second, ataxia (inability to control 
movements precisely) may be evident because of loss 
of kinesthetic impulses normally relayed through the 
thalamus to the cortex. Third, after a few weeks to a 
few months some sensory perception in the opposite 
side of the body returns, but strong stimuli are usu¬ 
ally necessary to elicit this. When the sensations do 
occur, they are poorly—if at all—localized, almost 
always very painful, sometimes lancinating, regard¬ 
less of the type of stimulus applied to the body. 
Fourth, the person is likely to perceive many affec¬ 
tive sensations of extreme unpleasantness or, rarely, 
extreme pleasantness; the unpleasant ones are often 
associated with emotional tirades. 

The medial nuclei of the thalamus are not de¬ 
stroyed by thrombosis of the artery. Therefore, it is 
believed that these nuclei become facilitated and give 
rise to the enhanced sensitivity to pain transmitted 
through the reticular system as well as to the affec¬ 
tive sensations. 

HERPES ZOSTER 

Occasionally a virus probably identical with that of 
chickenpox infects a dorsal root ganglion. This 
causes severe pain in the dermatomal segment nor¬ 
mally subserved by the ganglion, thus eliciting a 
segmental type of pain that circles around the body. 
This pain is commonly called “shingles.” 

There are two possible causes of the pain of herpes 
zoster. One of these is that the disease destroys 
mainly the large mechanoreceptor afferent sensory 
fibers. This theoretically could reduce the normal in¬ 
hibitory effect of these fibers on the pain pathway in 
the substantia gelatinosa of the dorsal horn. There¬ 
fore, pain signals could become exacerbated in the 
absence of this inhibition. 

A second possibility is that the irritated neuronal 
cell bodies of the root ganglion are stimulated to ex¬ 
cessive activity and thereby cause the pain. 

TIC DOULOUREUX 

Lancinating pains occur in some persons over one 
side of the face in part of the sensory distribution 
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area of the fifth or ninth nerves; this phenomenon is 
called tic douloureux. The pains feel like sudden 
electric shocks, and they may appear for only a few 
seconds at a time or they may be almost continuous. 
Often, they are set off by exceedingly sensitive “trig¬ 
ger areas” on the surface of the head, in the mouth, 
or in the nose—almost always by a mechanorecep- 
tive stimulus instead of a pain stimulus. For instance, 
when the patient swallows a bolus of food, as the 
food touches a tonsil it might set off a severe lancinat¬ 
ing pain in the mandibular portion of the fifth nerve. 

The pain of tic douloureux can usually be blocked 
by cutting the peripheral nerve from the hypersensi¬ 
tive area. The fifth nerve is often sectioned im¬ 
mediately inside the cranium, where the motor and 
sensory roots of the fifth nerve can be separated so 
that the motor portions, which are needed for many 
of the jaw movements, are spared while the sensory 
elements are destroyed. Obviously, this operation 
leaves the side of the face anesthetic, which in itself 
may be annoying. Furthermore, it is sometimes un¬ 
successful, indicating that the lesion might be more 
central than the nerves themselves. Therefore, still 
another operation is often performed in the medulla 
for relief of this pain, as follows: 

The sensory nuclei of the fifth nerve divide into the 
main sensory nucleus, which is located in the pons, 
and the spinal sensory nucleus, which descends into 
the upper part of the spinal cord. It is the spinal nu¬ 
cleus that subserves the function of pain. Therefore, 
the spinal tract of the fifth nerve can be cut in the 
medulla as it passes to the spinal nucleus. This blocks 
pain sensations from the side of the face but does not 
block the sensations of touch and pressure. 
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Figure 8-9. Cross-section of the spinal cord, showing 
principal ascending tracts on the right and principal de¬ 
scending tracts on the left. 


cause of transmission in the opposite ventral 
spinothalamic tract. 


HEADACHE 

Headaches are actually referred pain to the surface 
of the head from the deep structures. Many head¬ 
aches result from pain stimuli arising inside the 
cranium, but equally as many probably result from 
pain arising outside the cranium. 


HEADACHE OF INTRACRANIAL 
ORIGIN 


THE BROWN-SEQUARD SYNDROME 

Obviously, if the spinal cord is transected entirely, 
all sensations and motor functions distal to the seg¬ 
ments of transection are blocked, but if only one side 
of the spinal cord is transected, the socalled Brown- 
Sequard syndrome occurs. The following effects of 
such a transection occur, and these can be predicted 
from a knowledge of the cord fiber tracts illustrated 
in Figure 8-9: All motor functions are blocked on 
the side of the transection in all segments below the 
level of the transection; while only some of the mo¬ 
dalities of sensation are lost on the transected side 
and others are lost on the opposite side. The sensa¬ 
tions of pain, heat, and cold are lost on the opposite 
side of the body in all dermatomes two to six seg¬ 
ments below the level of the transection. The sensa¬ 
tions that are transmitted only in the dorsal 
columns—kinesthetic sensation, vibration sensation, 
discrete localization, and two-point discrimina¬ 
tion—are lost entirely on the side of the transection 
in all dermatomes below the level of the transection. 
Touch is impaired on the side of the transection be¬ 
cause the principal pathway for transmission of light 
touch, the dorsal columns, is transected. Yet, “crude 
touch,” which is poorly localized, still persists be- 


Pain-Sensitive Areas in the Cranial Vault. The 

brain itself is almost totally insensitive to pain. Even 
cutting or electrically stimulating the somesthetic 
centers of the cortex only occasionally causes pain; 
instead, it causes tactile paresthesias on the area of 
the body represented by the portion of the somesthet¬ 
ic cortex stimulated. Therefore, it is obvious from the 
outset that much or most of the pain of headache 
probably is not caused by damage within the brain 
itself. 

On the other hand, tugging on the venous sinuses, 
damaging the tentorium, or stretching the dura at the 
base of the brain can all cause intense pain that is 
recognized as headache. Also, almost any type of 
traumatizing, crushing, or stretching stimulus to the 
blood vessels of the dura can cause headache. One of 
the most sensitive structures of the entire cranial 
vault is the middle meningeal artery, and neurosur¬ 
geons are careful to remain clear of this artery as 
much as possible when performing brain operations 
under local anesthesia. 

Areas of the Head to which Intracranial Head¬ 
ache is Referred. Stimulation of pain receptors in 
the intracranial vault above the tentorium, including 
the upper surface of the tentorium itself, initiates im¬ 
pulses in the fifth nerve and, therefore, causes re- 
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Supratentorial Subtentorial 



Figure 8-10. Areas of headache resulting from different 
causes. 


ferred headache on the outside of the head in the area 
supplied by the fifth cranial nerve. This area includes 
the upper part of the head anterior to the ear, as 
outlined by the dark shaded area of Figure 8-10. 
Thus, pain arising above the tentorium causes what is 
called “frontal headache.” 

On the other hand, pain impulses from beneath the 
tentorium enter the central nervous system mainly 
through the second cervical nerve, which also 
supplies the scalp behind the ear. Therefore, subten¬ 
torial pain stimuli cause “occipital headache” re¬ 
ferred to the posterior part of the head shown in 
Figure 8-10. 

Types of Intracranial Headache. Headache of 
Meningitis. One of the most severe headaches of all 
is that resulting from meningitis, which causes in¬ 
flammation of all the meninges, including the sensi¬ 
tive areas of the dura and the sensitive areas around 
the venous sinuses. Such intense damage as this can 
cause extreme headache pain referred over the entire 
head. 

Headache Resulting from Direct Meningeal Trau¬ 
ma. Following a brain operation one ordinarily has 
intense headache for several days to several weeks. 
Though part of this headache may result from the 
trauma of the brain itself, experiments indicate that 
most of it results from meningeal irritation. 

Another type of meningeal trauma that almost in¬ 
variably causes headache is the meningeal irritation 
resulting from brain tumor. Usually, tumor headache 
is referred to a localized area of the head, the exact 
area depending on the portion of the meninges af¬ 
fected by the tumor. Since any tumor above the ten¬ 
torium refers its pain to the frontal areas and any 
tumor below the tentorium refers its pain to the oc¬ 
cipital region of the skull, the general location of an 
intracranial tumor can often be predicted from the 
area of the headache. 

Headache Caused by Low Cerebrospinal Fluid Pres¬ 
sure. Removing as little as 20 ml. of fluid from the 


spinal canal, particularly if the person remains in the 
upright position, often causes intense intracranial 
headache. Removing this quantity of fluid removes 
the flotation for the brain that is normally provided 
by the cerebrospinal fluid. Therefore, the weight of 
the brain stretches the various dural surfaces and 
thereby elicits the pain which causes the headache. 

Migraine Headache. Migraine headache is a spe¬ 
cial type of headache that is thought to result from 
abnormal vascular phenomena, though the exact 
mechanism is unknown. 

Migraine headaches often begin with various pro¬ 
dromal sensations, such as nausea, loss of vision in 
part of the fields of vision, visual aura, or other types 
of sensory hallucinations. Ordinarily, the prodromal 
symptoms begin half an hour to an hour prior to the 
beginning of the headache itself. Therefore, any 
theory that explains migraine headache must also 
explain these prodromal symptoms. 

One of the theories of the cause of migraine 
headaches is that prolonged emotion or tension 
causes reflex vasospasm of some of the arteries of the 
head, including arteries that supply the brain itself. 
The vasospasm theoretically produces ischemia of 
portions of the brain, and this is responsible for the 
prodromal symptoms. Then, as a result of the intense 
ischemia, something happens to the vascular wall to 
allow it to become flaccid and incapable of maintain¬ 
ing vascular tone for 24 to 48 hours. The blood pres¬ 
sure in the vessels causes them to dilate and pulsate 
intensely, and it is supposedly the excessive stretch¬ 
ing of the walls of the arteries—including the extra¬ 
cranial arteries such as the temporal artery—that 
causes the actual pain of migraine headaches. How¬ 
ever, it is possible that diffuse after-effects of is¬ 
chemia in the brain itself are responsible for this type 
of headache. 

Alcoholic Headache. As many people have ex¬ 
perienced, a headache usually follows an alcoholic 
binge. It is most likely that alcohol, because it is toxic 
to tissues, directly irritates the meninges and causes 
the cerebral pain. 

Headache Caused by Constipation. Constipation 
causes headache in many persons. Because it has 
been shown that constipation headache can occur in 
persons whose spinal cords have been cut, we know 
that this headache is not caused by nervous impulses 
from the colon. Therefore, it possibly results from 
absorbed toxic products or from changes in the cir¬ 
culatory system. Indeed, constipation sometimes 
does cause temporary loss of plasma into the wall of 
the gut, and a resulting poor flow of blood to the head 
could be the cause of the headache. 


EXTRACRANIAL TYPES OF HEADACHE 

Headache Resulting from Muscular Spasm. 

Emotional tension often causes many of the muscles 
of the head, including especially those muscles at¬ 
tached to the scalp and the neck muscles attached to 
the occiput, to become moderately spastic, and it is 
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postulated that this causes headache. The pain of the 
spastic head muscles supposedly is referred to the 
overlying areas of the head and gives one the same 
type of headache as do intracranial lesions. 

Headache Caused by Irritation of the Nasal and 
Accessory Nasal Structures. The mucous mem¬ 
branes of the nose and also of all the nasal sinuses are 
sensitive to pain, but not intensely so. Nevertheless, 
infection or other irritative processes in widespread 
areas of the nasal structures usually cause headache 
that is referred behind the eyes or, in the case of 
frontal sinus infection, to the frontal surfaces of the 
forehead and scalp, as illustrated in Figure 8-10. 
Also, pain from the lower sinuses—such as the maxil¬ 
lary sinuses—can be felt in the face. 

Headache Caused by Eye Disorders. Difficulty 
in focusing one’s eyes clearly may cause excessive 
contraction of the ciliary muscles in an attempt to 
gain clear vision. Even though these muscles are ex¬ 
tremely small, tonic contraction of them can be the 
cause of retroorbital headache. Also, excessive at¬ 
tempts to focus the eyes can result in reflex spasm in 
the various facial and extraocular muscles. Tonic 
spasm in these muscles is also a possible cause of 
headache. 

A second type of headache originating in the eyes 
occurs when the eyes are exposed to excessive ir¬ 
radiation by ultraviolet light rays. Watching the sun 
or the arc of an arc-welder for even a few seconds 
may result in headache that lasts from 24 to 48 hours. 
The headache sometimes results from “actinic” irri¬ 
tation of the conjunctivae, and the pain is referred to 
the surface of the head or retroorbitally. However, 
focusing intense light from an arc or the sun on the 
retina can actually burn the retina, and this could 
result in headache. 

THERMAL SENSATIONS 

THERMAL RECEPTORS AND THEIR 
EXCITATION 

The human being can perceive different gra¬ 
dations of cold and heat, progressing from cold 
to cool to indifferent to warm to hot; some per¬ 
sons perceive even freezing cold and burning 
hot. 

The different thermal gradations in the body 
are discriminated by at least three different 
types of sensory end-organs, the cold receptors, 
the warm receptors, and the pain receptors. 
The pain receptors are stimulated only by ex¬ 
treme degrees of heat or cold and therefore will 
not be considered as thermal receptors but 
merely as pain receptors that become stimu¬ 
lated when either heat or cold becomes suf¬ 
ficiently severe to cause damage. 

Both heat and cold can be perceived from 
areas of the body that contain only free nerve 


endings, such as the cornea. Therefore, it is 
known that free nerve endings can subserve 
these sensory functions. Thus far, no complex 
specialized receptors for either cold or warmth 
have been discovered. 

Stimulation of Thermal Receptors— 
Sensations of Cold, Warmth, and Hot. Fig¬ 
ure 8-11 illustrates the responses to different 
temperatures of three different types of nerve 
fibers: (1) a cold fiber, (2) a warm fiber, and (3) a 
pain fiber. Note especially that these fibers re¬ 
spond differently at different levels of tempera¬ 
ture. For instance, in the very cold region only 
the pain fibers are stimulated (if the skin be¬ 
comes even colder so that it nearly freezes or 
actually does freeze, even these fibers cannot 
be stimulated). As the temperature rises to 10 to 
15° C., pain impulses cease, but the cold recep¬ 
tors begin to be stimulated. Then, above about 
25° C. the warm end-organs become stimulated 
while the cold end-organs fade out at about 35° 
C. Finally, at around 45° C. the warm endings 
become nonresponsive once more; but the cold 
endings begin to respond again, and the pain 
endings also begin to be stimulated. 

One can understand from Figure 8-11, 
therefore, that a person determines the different 
gradations of thermal sensations by the relative 
degrees of stimulation of the different types of 
endings. For instance, at 20° C. only cold end¬ 
ings are stimulated, whereas at 40° C. only 
warm endings are stimulated; at 33° C. both 
cold and warm endings are stimulated, and at 
50° C. both cold and pain endings are stimu¬ 
lated. One can understand also from this figure 
why extreme degrees of cold or heat can be 
painful and why both these sensations, when 
intense enough, may give almost exactly the 
same quality of sensations—^freezing cold and 
burning hot sensations feel almost alike to the 
person. 

It is particularly interesting that a few areas of 



Figure 8-11. Frequencies of discharge of a cold recep¬ 
tor, a warm receptor, and a pain nerve fiber at different 
temperatures. (The responses of the cold and warm recep¬ 
tors are modified from Zotterman: Ann. Rev. Physiol., 
15:357, 1953.) 




122 


THE NERVOUS SYSTEM 


the body, such as the tip of the penis, do not 
contain any warmth receptors; but these areas 
can experience the sensations of cold with ease 
and of “hot,” which depends on stimulating 
cold and pain endings, but never the sensation 
of warmth. 

Stimulatory Effects of Rising and Falling 
Temperature—Adaptation of Thermal Recep¬ 
tors. When a cold receptor is suddenly sub¬ 
jected to an abrupt fall in temperature, it be¬ 
comes strongly stimulated at first, but this 
stimulation fades rapidly during the first minute 
and progressively more slowly during the next 
half hour or more. In other words, the receptor 
adapts to a great extent; this is illustrated in 
Figure 8-12, which shows that the frequency 
of discharge of a cold receptor rose approxi¬ 
mately four-fold when the temperature fell sud¬ 
denly from 32° to 30° C., but in less than a min¬ 
ute the frequency fell about five sixths of the 
way back to the original control value. Later, 
the temperature was suddenly raised from 30° to 
32° C. At this point the cold receptor stopped 
firing entirely for a short time, but after adapta¬ 
tion returned to its original control level. The 
warm receptors, on the other hand, have not yet 
been shown to adapt, though psychological ex¬ 
perience such as the entering of a hot tub of 
water indicates that the warmth signals do in 
some way adapt. 

Thus, it is evident that the thermal senses re¬ 
spond markedly to changes in temperature in 
addition to being able to respond to steady 
states of temperature, as was depicted in Figure 
8-11. This means, therefore, that when the 
temperature of the skin is actively falling, a per¬ 
son feels much colder than when the tempera¬ 
ture remains at the same level. Conversely, if 
the temperature is actively rising the person 



Figure 8-12. Response of a nerve fiber from a cold re¬ 
ceptor following, first, instantaneous change in skin 
temperature from 32° to 30° C. and, second, instantaneous 
change back to 32° C. Note the adaptation of the receptor 
and also the higher steady state level of discharge at 30° 
than at 32°. 


feels much warmer than he would at the same 
temperature if it were constant. 

The response to changes in temperature ex¬ 
plains the extreme degree of heat that one feels 
when he first enters a hot tub of water and the 
extreme degree of cold he feels when he goes 
from a heated room to the out-of-doors on a 
cold day. The adaptation of the thermal senses 
explains the ability of the person to become 
gradually accustomed to his new temperature 
environmant. 

Mechanism of Stimulation of the Thermal 
Receptors. It is believed that the thermal re¬ 
ceptors are stimulated by changes in their 
metabolic rates, these changes resulting from 
the fact that temperature alters the rates of in¬ 
tracellular chemical reactions about 2.3 times 
for each 10° C. change. In other words, thermal 
detection probably results not from direct phys¬ 
ical stimulation but instead from chemical 
stimulation of the endings as modified by the 
temperature. 

Spatial Summation of Thermal Sensations. 

The number of cold or warmth endings in any 
small surface area of the body is very slight, so 
that it is difficult to judge gradations of temper¬ 
ature when small areas are stimulated. How¬ 
ever, when a large area of the body is stimu¬ 
lated, the thermal signals from the entire area 
summate. Indeed, one reaches his maximum 
ability to discern minute temperature variations 
when his entire body is subjected to a tempera¬ 
ture change all at once. For instance, rapid 
changes in temperature as little as 0.01° C. can 
be detected if this change affects the entire sur¬ 
face of the body simultaneously. On the other 
hand, temperature changes 100 times this great 
might not be detected when the skin surface 
affected is only a square centimeter or so in 
size. 

TRANSMISSION OF THERMAL SIGNALS 
IN THE NERVOUS SYSTEM 

Thermal signals are transmitted by small 
myelinated fibers of the delta group with 
diameters of only 2 to 5 microns. It is also pos¬ 
sible that some very crude thermal sensations, 
such as “burning hot” or “freezing cold,” but 
with very poor differentiation of temperature 
gradations, are transmitted by type C fibers. 

On entering the central nervous system, the 
thermal fibers travel in the lateral spinothalamic 
tract. The exact point in the thalamus at which 
the impulses synapse is not known, but since 
other delta spinothalamic fibers terminate 
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mainly in the caudalmost portion of the ven- 
trobasal complex of the thalamus, it is believed 
that the thermal tracts do too. Then, third order 
neurons travel to the somesthetic cortex, but 
the portion of the cerebral cortex to which the 
major share of thermal fibers radiate is also un¬ 
known. 

Occasionally, a neuron in somatic sensory 
area I has been found by microelectrode studies 
to be directly responsive to either cold or warm 
stimuli in specific areas of the skin. Further¬ 
more, it is known that removal of the postcen¬ 
tral gyrus in the human being reduces his ability 
to distinguish different gradations of tempera¬ 
ture. Therefore, it is possible that somatic sen¬ 
sory area I, rather than area II, is the major 
somesthetic area concerned with thermal sensa¬ 
tions. 
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Motor Functions of the Spinal Cord 

and the Cord Reflexes 


In the discussion of the nervous system thus 
far, we have considered principally the input of 
sensory information. In the following chapters 
we will discuss the origin and output of motor 
signals, the signals that cause muscle contrac¬ 
tion and other motor effects throughout the 
body. Sensory information is integrated at all 
levels of the nervous system and causes ap¬ 
propriate motor responses, beginning in the 
spinal cord with relatively simple reflexes, ex¬ 
tending into the brain stem with still more com¬ 
plicated responses, and, finally, extending to 
the cerebrum where the most complicated re¬ 
sponses are controlled. The present chapter 
discusses the control of motor function espe¬ 
cially in response to spinal cord reflexes. 

Experimental Preparations for Studying Cord 
Reflexes. Normally the functions of the spinal cord 
are strongly controlled by signals from the brain. 
Therefore, to study the isolated cord reflexes it is 
necessary to separate the cord from the higher cen¬ 
ters. This is usually done in one of two different types 
of preparations: (1) the spinal animal or (2) the de¬ 
cerebrate animal. 

The spinal animal is prepared by cutting the spinal 
cord at any level above the region in which the cord 
reflexes are to be studied. For a variable period of 
time, depending upon the phylogenetic level of the 
animal, as will be discussed later in the chapter, the 
cord reflexes are deeply depressed immediately after 
removal of the signals from the brain. However, over 
a period of hours or days in animals and over a period 
of weeks or months in the human being, the cord 
reflexes become progressively more active and can 
then be studied independently of control by the upper 
levels of the nervous system. Sometimes the cord 
reflexes become even more excitable under these 
conditions than normally. 


In the decerebrate preparation, the brain stem is 
usually transected between the superior and inferior 
colliculi. Transecting the brain at this level removes 
the voluntary control centers of the forebrain, and it 
also removes inhibitory influences from the basal 
ganglia that normally suppress the activities of the 
lower brain stem and spinal cord; this will be dis¬ 
cussed in detail in the following chapter. Removal of 
this i nhibition causes an immediate increase in the 
activity ot many of the cor H refjpYpg thp 

PYTPn*;nr mar npip animal hnlrl up 

Against gravity, ihis preparation has an advantage 
over tne spinal animal in that many of the cord re¬ 
flexes are exacerbated even in the acute preparation 
and, therefore, can be studied without the long and 
tedious delay required to prepare the spinal animal. 


ORGANIZATION OF THE SPINAL 
CORD FOR MOTOR FUNCTIONS 

The cord gray matter is the integrative area 
for the cord reflexes and other motor functions. 
Figure 9-1 shows the typical organization of 
the cord gray matter in a single cord segment. 
Sensory signals enter the cord through the sen¬ 
sory roots. After entering the cord, every sen¬ 
sory signal travels to two separate destinations. 
First, either in the same segment of the cord or 
in nearby segments, the sensory nerve or its 
collaterals terminate in the gray matter of the 
cord and elicit local segmental responses—^local 
excitatory effects, facilitatory effects, reflexes, 
and so forth. Second, the signals travel to 
higher levels of the nervous system—to higher 
levels in the cord itself, to the brain stem, or 
even to the cerebral cortex. It is these sensory 
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Figure 9-1. Connections of the sensory fibers and cor¬ 
ticospinal fibers with the interneurons (“intermediate 
cells”) and anterior motoneurons of the spinal cord. 
(Modified fnpm Lloyd: J. Neurophysiol., 4:525, 1941.) i 


signals that cause the conscious sensory experi¬ 
ences described in the past few chapters. 

Each segment of the spinal cord ha s several 
hundred thousand neurons in its gray mattST T 

Asiae trom tne sensory relay neurons already 

discussed, these neurons are divided into two 
separate types ^ the a ntenot^ mo to neurons and 

the interneurons (also called internuncial cells 

or int^rfnediatf' cells). 

The Anterior Motoneurons. Located in 
each segment of the anterior horns of the cord 
gray matter are several thousand neurons, 50 to 
100 per cent larger than most of the others and 
called anterior motoneurons. These give rise to 
the nerve fibers that leave the cord via the an¬ 
terior roots and then proceed to the muscles to 
innervate the skeletal muscle fibers. They can 
be divided into two major types, the alpha 
motoneurons and the gamma motoneurons. 

The Alpha Motoneurons. The alpha moto¬ 
neurons give rise to large type A alpha nerve 
fibers ranging from 9 to 16 microns in diameter 
and passing through the spinal nerves to inner¬ 
vate the skeletal muscle fibers. Stimulation of a 
single nerve fiber excites from 3 to 2000 skeletal 
muscle fibers (averaging about 180 fibers), 
which are collectively called the motor unit. 
Thus, it is the alpha motoneurons that control 

tne contractile functions of the skeletal muscle 

fibers. Iransmission of n erve itppnlsps mtn 
skeletal muscles and their stimul^^ tio^ 
muscle fibers was discussed in Chapters 1 
through 3. 

The Gamma Motoneurons. In addition to the 
alpha motoneurons that excite contraction of 


the skeletal muscle fibers, about one-half as 
many much smaller motoneurons, located along 
with the alpha motoneurons also in the anterior 
horns, transmit impulses through type A gamma 
fibers, averaging 5 microns in diameter, to spe¬ 
cial skeletal muscle fibers called intrafusal 
fibers. These are part of the muscle spindle, 
which is discussed at length later in the chapter. 

The Interneurons. The interneurons are 
present in all areas of the cord gray matter—in 
the dorsal horns, spread diffusely in the anterior 
horns, and also in the intermediate areas be¬ 
tween these two. These cells are numerous— 
approximately 30 times as numerous as the an¬ 
terior motoneurons. Th^v are small and highly 
excitable, often exhibiting spontaneous activit y 

and capable of firing as rapiaiy as IDUU times per 

second, ifiev Have many interconnections one 

with the other, and many of them directly in¬ 

nervate the anterior motoneurons as illustrated^ 
i n Figure 9-1. The interconnections among the 

interneurons and anterior motoneurons are re¬ 
sponsible for many of the integrative functions 
of the spinal cord that are discussed during the 
remainder of this chapter. 

Essentially all the different types of neuronal 
circuits described in Chapter 5 are found in the 
interneuron pool of cells of the spinal cord, in¬ 
cluding the diverging, converging, and re¬ 
petitive-discharge circuits. In the following sec¬ 
tions of this chapter we will see the many appli¬ 
cations of these different circuits to the perfor¬ 
mance of specific reflex acts by the spinal cord. 

Only a few incoming sensory signals to the 
spinal cord or signals from the brain terminate 
directly on the anterior motoneurons. Instead, 
most of them are transmitted first through inter¬ 
neurons where they are appropriately proc¬ 
essed before stimulating the anterior moto¬ 
neurons. Thus, in Figure 9-1, it is shown that 
the corticospinal tract terminates almost en¬ 
tirely on interneurons, and it is through these 
that the cerebrum transmits most of its signals 
for control of muscular function. 

The Renshaw Cell Inhibitory System. Located 
also in the ventral horns of the spinal cord in close 
association with the motoneurons are a large number 
of s mall inte rneurons c alled Renshaw cells . Almost 
immediately arter me motor axon leaves a moto¬ 
neuron, collateral branches pass to the Renshaw 
cells. These in turn are inhibitory cells th af (ransmit, 
inhibitory signals to the nearby motoneuron s. Thus., 
stimulation or eacn moToneiii:Q o-i. e.ads - t fl Uj»lM^t^^ 
surrounding motoneurons. This e ffec^-t is ijxuaotlaat 
for two maior reasons : 

1. It shows that the motor system utilizes the prin¬ 
ciple ^ lateral inhibition fp fprnv- nr ch^a-up f n itC 
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signals—that is, to allow unabated transmission of 
t he primary signal while suppressing the tendency for 

signals to spread to adjacent neurons. 

2. The peripheral axon of the anterior motoneuron 
is known to secrete acetylcholine at its nerve end¬ 
ings. Therefore, t he_abilitv of collateral nerve end - 
ines from the same axon to stimulate the Renshaw 
cells groves that acetylcholine is one of the centr al 
nervQus-^ivstem excitatory transmitters, acting in the 
same w^y that-ii_aets as an excitatory transmitter a t 
the neuromuscular iiinctiorL. 


Sensory Input to the Motoneurons 
and Interneurons 

Most of the sensory fibrils entering each seg¬ 
ment of the spinal cord terminate on inter¬ 
neurons, but a very small number of large sen¬ 
sory fibers from the muscle spindles terminate 
on the anterior motoneurons. Thus, there are 
two pathways in the spinal cord that cord re¬ 
flexes can take: either directly to the anterio r 
moloneuron itself, utilizing a monosynaptic 
pathway; or through one or more interneuron s 

first, before passing to the anterior motoneuron. 

The monosynaptic pathway provides an ex¬ 
tremely rapid reflex feedback system and is the 
basis of the very important muscle stretch reflex 
that will be discussed later in the chapter. All 
other cord reflexes utilize the interneuron 
pathway, a pathway that can modify the signa ls 

t remendouslv_and that can cause complex refle x 

patterns , pnr insia nce. the very impnrtarLt-prn- 
t ective reflex called the withdrawal re£ex 
utilizes this pathway. 

Multisegmental Connections in the Spinal 
Cord—the Propriospinal Fibers. About half 
of all the nerve fibers asc ending and descending 
in the spinal cord diVt p ropriospinal fibersX 
These /re_fihers that.run from one segment of\ 
l|p^nr d_to another, /Tn addition, the terminal 
fibrils of sensory fibers as they enter the cord 
branch both up and down the spinal cord, some 
of the branches transmitting signals only a seg¬ 
ment or two in each direction, while others 
transmit signals many segments. These ascend¬ 
ing and descending fibers of the cord provide 
pathways for the multisegmental reflexes that 
will be described later in this chapter, including 
many reflexes that coordinate movements in 
both the forelimbs and hindlimbs simultane¬ 
ously. 


ROLE OF THE MUSCLE SPINDLE 
IN MOTOR CONTROL 

Muscles and tendons have an abundance of 
two special types of receptors: (1) muscle spin¬ 


dles that detect (a) change in length of muscle 

fibers and (b) rate of this changeJn length 

(2) Golsi tendon orsans that detect the tension 

a pplied to the muscle tendon during mu scle 

contraction or mu^ rle <ttrpfrh 

The signals from these two receptors ope rate 

entirely at a subconscious level, causing no sen ¬ 

sory perception at all. But they do transmit tre-~ 
mendous amounts ot information into the spinal 
cord and also to the cerebellum, thereby helping 
these two portions of the nervous system to per¬ 
form their functions for controlling muscle con¬ 
traction. 

RECEPTOR FUNCTION OF THE 
MUSCLE SPINDLE 

Structure and Innervation of the Muscle 
Spindle. The physiologic organization of the 
muscle spindle is illustrated in Figure 9-2. 
Each spindle is built around three to ten small 
intrafusal muscle fibers that are pointed at their 
ends and are attached to the sheaths'ol ilie ^Ui- " 
rounding extrafusal skeletal muscle fibers , fhe 

intrafusal fiber is a very small skeletal rnuscle 
fiber. However, the central region of each of 
these fibers has either no or few actin and my¬ 
osin filaments. Therefore, this central portion 
does not contract when the ends do. The ends in 
turn are excited by small nerve fibers called 
gamma efferent motor nerve fibers . These av- 
erage five microns in diameter an^ are much 
s maller tha n the sensory nerve fibers th at als o 

innervate the muscle spindle . 

When the ends of the intrafusal fibers con¬ 
tract, this action stretches the central portion. 
Likewise, stretch of the entire muscle, which 
pulls on the ends of the intrafusal fibers where 
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Figure 9-2. The muscle spindle, showing its relation¬ 
ship to the large extrafusal skeletal muscle fibers. Note 
also both the motor and the sensory innervation of the 
muscle spindle. 
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they attach to the muscle sheaths, also stretches 
the central portion of each intrafusal fiber. This 
central portio n of the m uscle spindle is the sen- 
sory receptor area ot the muscle snindle. 

The receptor portion of the muscle spindle is 
innervated by two different types of sensory 
nerves: one type la fiber and usually two type II 
fibers. The type la fiber averages 17 microns in 
diameter and transmits sensory signals from the 
muscle spindle to the spinal cord at a velocity 
approaching 100 meters per second, as rapidly 
as any sensory nerve fibers in the entire body. 
The type II nerve fibers average 8 microns in 
diameter and transmit signals to the central 
nervous system at a velocity of approximately 
30 to 40 meters per second. 

The Primary Ending. The type la fiber in¬ 
nervates the central portion of the spindle re¬ 
ceptor. The tip of this fiber spirals around the 
intrafusal fibers, forming the so-called primary 
ending, also called the annulospiral ending. 

The Secondary Endings. The two type II 
nerve fibers innervate the receptor region of the 
intrafusal fibers on either side of the primary 
ending. These fibers, like the la fiber, also spiral 
around the intrafusal fibers, and when the cen¬ 
tral portion of the intrafusal fibers is stretched, 
these nerve fibers are stimulated. These sensory 
endings are called secondary endings. 

Division of the Intrafusal Fibers into Nu¬ 
clear Bag and Nuclear Chain Fibers—Dy¬ 
namic and Static Responses of the Muscle 
Spindle. There are also two different types of 
intrafusal fibers: (1) nuclear bag fibers (one to 
three), in which a large number of nuclei are 

congregated into a hag in Ihe ceniral poriion o i 

the receptor area, and (2) nuclear chain fibers 
( tnree to seven), which are apoui nalf as large In 

diameter and half as long as the nuclear bag 

fibers and have nuclei spread in a chain 
throughout the receptor area. The primary end¬ 
ing innervates both the nuclear bag intrafusal 
fibers and the nuclear chain fibers. On the other 
hand, the secondary endings are located almost 
entirely on the nuclear chain fibers. These rela¬ 
tionships are illustrated in Figure 9-3. 

Static Response of the Secondary Receptors. 
When the receptor portion of the muscle spindle 
is stretched, the number of impulses trans- 
mitted from the secondary endings increases 
almost difectly in proportion to the degree "o f 

s tretch, and the endings co rjtinne to tra.a-smit, 

t hese impulses for many rn jp|itp<i Th\^ effect is 
called the static response of the snindle , r e c,edi¬ 
tor, meaning sim piv that The recenlnr_tr_anjLmits 
Its signal for a prolonged pe riod of time. 
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Figure 9-3. Details of nerve connections to the nuclear 
bag and nuclear chain muscle spindle fibers. (Modified 
from Stein: Physiol. Rev., 54:225, 1974, and Boyd: Philos. 
Trans. R. Soc. Land. [Biol. Sci.], 245:81, 1962.) 


Dynamic Response of the Primary Endings. 
The primary ending also reacts with a static re¬ 
sponse, but it also exhibits a very strong 
dynamic response, which means that it re¬ 
sponds ejLtremelv actively to a change in 
length. When the_lejigth_of a^pindle receptor 
area increases only a fraction of a micron, the 

primary receptor transmits tremendous num ¬ 

bers of impulses into the Ta fiber, but only while 
the lejigthJs nctuallv increasinc. As soon as the ~ 

length ha^_stopned increasing, the rate of im - 
pii]sp dknbargp returns alm ost back to its origi¬ 
nal JeveL except for the small static respo nse 
thntls-stilLnresgnt in the signal. 

Conversely, when the spindTe receptor area 
shortens, this change momentarily decreases 
the impulse output from the primary ending; as 
soon as the receptor area has reached its new 
shortened length, the impulses reappear in the 
la fiber within a fraction of a second. Thus, the 
primary ending sends extremely strong signals 
to the central nervous system to apprise it of 
any change in length of the spindle receptor 
area. 

Since both the primary and the secondary 
endings innervate the nuclear chain intrafusal 
fibers, it is assumed that it is these nuclear chain 
fibers that are responsible for the static re¬ 
sponse of both the primary and the secondary 
endings. On the other hand, only the primary 
endings innervate the nuclear bag fibers. There¬ 
fore, it is assumed that the nuclear bag fibers are 
responsible for the powerful dynamic response. 

Control of the Static and Dynamic Re¬ 
sponses by the Gamma Efferent Nerves. 
Some physiologists believe that the gamma ef¬ 
ferent nerves to the muscle spindle can be di¬ 
vided into two different types: gamma-dynamic 
(gamma-d) and gamma-static (gamma-s). The 
first of these excites mainly the nuclear bag in¬ 
trafusal fibers and the second excites mainly the 
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nuclear chain intrafusal fibers. When the gam- 
ma-d fibers excite the nuclear bag fibers, the 
dynamic response of the muscle spindle be¬ 
comes tremendously enhanced, whereas the 
static response remains very weak or even none 
at all. On the other hand, stimulation of the 
gamma-s fibers, which excite mainly the nuclear 
chain fibers, supposedly enhances the static re¬ 
sponse while having little influence on the 
dynamic response. We shall see in subsequent 
paragraphs that these two different types of re¬ 
sponses of the muscle spindle are exceedingly 
important in different types of muscle control. 

Function of the Muscle Spindle in Comparing 
Intrafusal and Extrafusal Muscle Lengths 

From the foregoing description of the muscle 
spindle, one can see that there are two different 
ways in which the spindle can be stimulated: 

1. By stretching the whole muscle. This 
lengthens the extrafusal fibers and therefore 
also stretches the spindle. 

2. By contracting the intrafusal muscle fibers 
while the extrafusal fibers remain at their nor¬ 
mal length. Since the intrafusal fibers contract 
only near their two ends, this stretches the cen¬ 
tral receptor portions of the intrafusal fibers, 
obviously exciting the spindles. 

Therefore, in effect, the muscle spindle acts 
as a comparator of the I f^TIgth^ ^yp^^ 

of muscle fibers , the extrafusal and the in¬ 
trafusal. When the length of the extrafusal fibers 
is greater than that of the intrafusal fibers, the 
spindle becomes excited. On the other hand, 
when the length of the extrafusal fiber is shorter 
than that of the intrafusal fiber, the spindle be¬ 
comes inhibited. 

Continuous Discharge of the Muscle Spin¬ 
dles Under Normal Conditions. Normally, 
particularly when there is a slight amount of 
gamma efferent excitation, the muscle spindles 
svemit sensory nerve impulses all of the time. 
Stretching the muscle spindles increases the 
rate of firing, whereas shortening the spindle 
decreases this rate of firing. Thus, the spindles 
\can be either excited or inhibited. 

THE MUSCLE SPINDLE REFLEX 
(ALSO CALLED STRETCH REFLEX 
OR MYOTATIC REFLEX) 

From the above description of all the intri¬ 
cacies of the muscle spindle, one can readily see 
that the spindle is a very complex organ. Its 
function is manifested in the form of the muscle 


spindle reflex which, because of the static and 
the dynamic types of muscle spindle response, 
consists of 2 L static reflex and a dynamic reflex. 

Neuronal Circuitry of the Muscle Spindle 
Reflex. Figure 9-4 illustrates the basic circuit 
of the dynamic muscle spindle reflex, showing a 
type la nerve fiber originating in a muscle spin¬ 
dle and entering the dorsal root of the spinal 
cord. It then synapses directly with an anterior 
motoneuron whose motor nerve fiber transmits 
an appropriate reflex signal, with almost negli¬ 
gible delay, back to the same muscle containing 
the muscle spindle. 

In addition to the direct synapse of the la 
muscle spindle nerve fiber with the anterior 
motoneuron, collaterals from this fiber, as well 
as the type II fibers from the secondary spindle 
endings, terminate on interneurons in the gray 
matter of the cord, and these in turn transmit 
more delayed signals to the anterior moto¬ 
neuron. 

The Stretch Reflex. The muscle spindle 
reflex is frequently called simply a stretch reflex 
because stretch of the muscle excites the mus¬ 
cle spindle and this in turn causes a muscle 
reflex contraction. This reflex has a dynamic 
component and a static component. 

The Dynamic Stretch Reflex. The dynamic 
stretch reflex is caused by the potent dynamic 
signal believed to originate from the nuclear bag 
receptors and transmitted via the primary end¬ 
ings of the muscle spindles. That is, when the 
muscle fiber is suddenly stretched, a strong sig¬ 
nal is transmitted to the spinal cord through the 
primary endings, but this signal is notent onh 
while the degree of stretch is increasins. O n 
e^ntering the spinal cord, most of the signal goes 
directly to the anterior motoneurons without 
passing through interneurons, and it causes 



Figure 9-4. Neuronal circuit of the stretch reflex. 
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reflex contraction of the same muscle from 
which the muscle spindle signals originated. 
Thus, a sudden stretch of a muscle causes re flex 
contraction of the same muscle, and this rettTTmr 
the l ength of the muscle back toward its original"* 
length . ^ ^— 

The Static Stretch Reflex. Though the dy¬ 
namic stretch reflex is over within a fraction of a 
second after the muscle has been stretched to 
its new length, a much weaker static stretch 
reflex continues for a prolonged period of time 
thereafter. This reflex is elicited by continuous 
static receptor signals transmitted through both 
the primary and secondary endings of the mus¬ 
cle spindles and probably originating in the nu¬ 
clear chain intrafusal fibers. The importance of 
the static stretch reflex is that it continues to 
cause muscle contraction as long as the muscle 
is maintained at an excessive length (for as long 
as several hours, but not for days). The muscle 
contraction in turn opposes the force that is 
causing the excess length. 

The Negative Stretch Reflex. When a mus¬ 
cle is suddenly shortened, exactly opposite ef¬ 
fects occur. If the muscle is already taut, any 
sudden release of the load on the muscle that 
allows it to shorten will elicit both dynamic and 
static inhibition rather than reflex excitation. 
Thus, this negative stretch reflex opposes the 
shortening of the muscle in the same way that 
the positive stretch reflex opposes lengthening 
of the muscle. Therefore, one can begin to see 
that the muscle spindle reflex tends to maintain 
the status quo for the length of a muscle. 


FUNCTION OF THE STATIC MUSCLE 
SPINDLE REFLEX TO NULLIFY 
CHANGES IN LOAD DURING 
MUSCLE CONTRACTION 

Let us assume that a person’s biceps is con¬ 
tracted so that the forearm is horizontal to the 
earth. Then assume that a five-pound weight is 
put in the hand. The hand will immediately 
drop. However, the amount that the hand wilL 
d rop is determined to a great extent by the de¬ 

cree of a c-tivitv 4>f the static muscle smndle 
reflex. If the gamma-s fibers to the muscle spin- 
^les are strongly stimulated so that the static 
reflex is very active, even slight lengthening of 
the biceps, and therefore also of the muscle 
spindles in the biceps, will cause a strong feed¬ 
back contraction of the extrafusal skeletal mus¬ 
cle fibers of the biceps. This contraction in turn 
will limit the degree of fall of the hand, thus 


automatically maintaining the forearm in a 
nearly horizontal p osition. This response is 
called a load reflex. \ 

^tlffect of tiamma Efferent Stimulation on In¬ 
creasing the Effectiveness of the Load Reflex. If 
the gamma efferent nerves to the static portion 
of the muscle spindle (the gamma-s fibers) are 
not stimulated at all, then the spindle sensi¬ 
tivities are greatly depressed, and the effective¬ 
ness of the load reflex is almost zero. On the 
other hand, if these gama efferents are strongly 
stimulated so that the static muscle spindle 
reflex is an extremely potent one, then one 
would expect the length of the muscle to remain 
almost exactly constant regardless of the 
change in load. In many of our muscle activities 
a particular part of our body often is fixed in a 
given position, and any attempt to move that 
part of the body from the position is met by 
instantaneous reflex resistance. This probably 
results to a great extent from the load reflex. 
Furthermore, the fact that we can change the 
sensitivity of this load reflex by changing the 
intensity of gamma-s stimulation allows us to 
make a particular part of the body be either flail 
or tightly locked in place. To give an example, 
when a person is threading a needle he tends to 

fix both of his hands into precise positions, and 

any extra load applied to either of the two hands 
willJiardlv change its position. 

The Damping Function of the Dynamic and 
Static Reflexes. Another extremely important 
function of the muscle spindle reflex—indeed, 
probably just as important as, if not more im¬ 
portant than, the load reflex—is the ability of 
the muscle spindle reflex to prevent some types 
of oscillation and jerkiness of the body move¬ 
ments. This is a damping, or smoothing, func¬ 
tion. An example is the following: 

Use of the Damping Mechanism in Smoothing 
Muscle Contraction. Occasionally, signals 
from other parts of the nervous system are 
transmitted to a muscle in a very unsmooth 
form, first increasing in intensity for a few mil¬ 
liseconds, then decreasing in intensity, then 
changing to another intensity level, and so 
forth. When the muscle spindle apparatus is not 
functioning satisfactorily, the degree of muscle 
contraction changes jerkily during the course of 
such a signal. This effect is illustrated in Figure 
9-5, which shows an experiment in which a 
sensory nerve signal entering one side of the 
cord is transmitted to a motor nerve from the 
other side of the cord to excite a muscle. In 
curve A the muscle spindle reflex of the excited 
muscle is intact. Note that the contraction is 






















130 


THE NERVOUS SYSTEM 



Li- I-1-1-1-1-1-r 

0 12 3 

SECONDS 


Figure 9-5. Muscle contraction caused by a central 
nervous system signal under two different conditions: (A) 
in a normal muscle, and (B) in a muscle whose muscle 
spindles had been denervated by section of the posterior 
roots of the cord 82 days previously. Note the smoothing 
effect of the muscle spindles in Part A. (Modified from 
Creed et al.: Reflex Activity of the Spinal Cord. Oxford 
University Press, 1932.) 


relatively smooth even though the sensory 
nerve is excited at a frequency of 8 per second. 
Curve B, on the other hand, is the same exper¬ 
iment in an animal whose muscle spindle sen¬ 
sory nerves from the excited muscle had been 
sectioned three months earlier. Note the very 
unsmooth muscle contraction. Thus, curve A 
i llustrates v^ry _pxaphirn11v the 8hilitv_of the 
damping mechanism of the muscle spindle to 

sfnooth muscle contractions even though the 

input signals to the muscle motor system mav 

themselve s ierkv. Th is effect can, also 

be called a signal averaging function of the 

muscle — 

Function of the Gamma Efferent System in Con¬ 
trolling the Degree of Damping. In the same 
way that the gamma efferent system can play a 
potent role in determining the effectiveness of 
the load reflex, so also can the gamma efferent 
system determine the degree of damping. For 
instance, there are times when a person wishes 
his limbs to move extremely rapidly in response 
to rapidly changing input signals. Under such 
conditions, one would wish less damping. On 
the other hand, there are other times when it is 
very important that the muscle contractions be 
very smooth. Under these conditions one would 
like a high degree of damping. Therefore, even 
though we are not completely sure how the 
nervous system can make such changes as this, 
psychophysiological tests do tell us that our 
motor system does have such capability to in¬ 


crease or decrease the degree of damping in any 
given muscle response. 


ROLE OF THE MUSCLE SPINDLE 
IN VOLUNTARY MOTOR ACTIVITY 

To emphasize the importance of the gamma 
efferent system, one needs to recognize that 31 
per cent of all the motor nerve fibers to the 
muscle are gamma efferent fibers rather than 
large type A alpha motor fibers. Whenever sig¬ 
nals are transmitted from the motor cortex or 
from any other area of the brain to the alpha 
motoneurons, almost invariably the gamma mo¬ 
toneurons are stimulated simultaneously. This 
causes both the extrafusal and the intrafusal 
muscle fibers to contract at the same time. 

The purpose of contracting the muscle spin¬ 
dle fibers at the same time that the large skeletal 
muscle fibers contract is probably two-fold: 
First, it keeps the muscle spindle from opposing 
the muscle contraction. Second, it also main¬ 
tains proper damping and proper load respon¬ 
siveness of the muscle spindle regardless of 
change in muscle length. For instance, if the 
muscle spindle should not contract and relax 
along with the large muscle fibers, the receptor 
portion of the spindle would sometimes be flail 
and at other times be overstretched, in neither 
instance operating under optimal conditions for 
spindle function. 

Possible Servo Function of the Muscle Spindle 
Reflex. Several physiologists have suggested that 
the muscle spindle reflex can also operate as a servo 
controller of muscle contraction in the following 
way: Suppose that a gamma efferentjie rve fi ber to-a 
muscles pi nd l^were^finmlai^dUTliis wpukL contract 
the intrafu^l fijDers^nd excite the muscle spjndle 
receptors. The signals fr oj n these receptors wo uld 
t hen pass to the cord and then ce back to the large 
skeletal muscle fibers to cai^e them to contract^lso. 
TfiiIsT~aTrTnitial contracTion~bf theTntraKisa l fibers 
causes a similar contraction ot tne surround ing Targe 
skeletal muscle fibers. 

If such a servo system as this did exis t, signals 
transmitted from the brain downward through th e 

ga mma efferent system could cause secon dary con¬ 

tractions of the muscles in accordance with tne 
tates of the muscle spindle s. Unfortunately, most of 

the data indicate that a mechanism such as this does 
not occur to a significant extent. For a system of this 
type to function properly, it would be necessary to 
have a static response of the muscle spindles that is 
very potent and also unchanging. Unfortunately, the 
static response of the muscle spindles is usually very 
weak—that is, it has a low gain. Also, it decays very 
slowly over a period of a few minutes to an hour so 
that changes in length of a muscle spindle could 
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cause only temporary changes in length of the sur¬ 
rounding large skeletal muscle fibers. Therefore, de¬ 
spite the attractiveness of this possible type of mus¬ 
cle control, it is doubtful that it does actually occur in 
normal function. 

Probable Servo-Assist Function of the Muscle 
Spindle Reflex. It is much more likely that the 
muscle spindle reflex acts as a servo-assist device 
than as a pure servo controller. But, first, let us ex¬ 
plain what is meant by a “servo-assist mechanism.” 

When both the alpha and gamma motoneurons are 
stimulated simultaneously, if the intra- and extrafusal 
fibers contract equal amounts, the degree of stimula¬ 
tion of the muscle spindles will not change at all— 
either to increase or to decrease. However, in case 
the extrafusal muscle fibers should contract less than 
the intrafusal fibers (as might occur when the muscle 
is contracting against a great load), this mismatch will 
stretch the receptor portions of the spindles and, 
therefore, elicit a stretch reflex that will further ex¬ 
cite the extrafusal fibers. Thus, failure of the ex¬ 
trafusal fibers to contract to the same degree as the 
intrafusal fibers contract causes an accessory neu¬ 
ronal signal that increases the degree of stimulation 
of the extrafusal fibers. This is exactly the same 
mechanism as that employed by power steering in an 
automobile. That is, the steering wheel directly turns 
the front wheels and will do this even when the 
power steering is not effective. However, if the 
wheels fail to follow even the slightest extra force 
applied to the steering wheel, a servo-assist device is 
activated that applies additional power to turn the 
wheels. 

The servo-assist type of motor function has several 
important advantages, as follows: 

1. It allows the brain to cause a,musc le contraction 
against a load without t he brain having 

much ex tra nervous energy. ~ 

2. It makes the muscle contract almost the desired 
amount even when the load is increased or decreased 
between successive contractions. I n other words, it 
makes the degree of contraction less load-insensitive . 

3. It compensates tor taiigue or oiher aonor- 

maUties of the muscle itself because any failure of the 
muscle to provide the proper contraction elicits an 
additional muscle spindle reflex stimulus to make the 
contraction occur. 

But, unfortunately, we still do not know how im¬ 
portant this probable function of the muscle spindle 
reflex actually is. 


Brain Areas for Control of the 
Gamma Efferent System 

The gamma efferent system is excited primar¬ 
ily by the bulboreticnlar facilitatory region of 
the brain stem, and secondarily by impulses 
transmitted into this area from (a) the cerebel-’' 
lum, (b) the basal ganglia, and even (c) the 
cerebral cortex. Unfortunately, little is known 


about the precise mechanisms of control of the 
gamma efferent system. However, since the 
bulboreticular facilitatory area is particularly 
concerned with postural contractions, emphasis 
is given to the possible or probable important 
role of the gamma efferent mechanism in con¬ 
trolling muscle contraction for positioning the 
different parts of the body and for damping the 
movements of the different parts. 

In addition to transmitting signals into the 
spinal cord, the muscle spindle also transmits 
signals up the cord to the cerebellum and thence 
into the bulboreticular areas, as will be dis¬ 
cussed in greater detail in Chapter 11. How¬ 
ever, both the signals that operate in the spinal 
cord and those that pass to the cerebellum are 
entirely subconscious, so that the conscious 
portion of the brain is never apprised of the im¬ 
mediate changes in length of the muscles. On 
the other hand, as has already been pointed out 
in Chapter 7, signals from the joint receptors 
constantly apprise the conscious brain of the 
positions of the different parts of the body, even 
though the muscle receptors do not. 

CLINICAL APPLICATIONS OF THE 
STRETCH REFLEX 

The Knee Jerk and Other Muscle Jerks. Clini¬ 
cally, a method used to determine the functional in¬ 
tegrity of the stretch reflexes is to elicit the knee jerk 
and other muscle jerks. The knee jerk can be elicited 
by simply striking the patellar tendon with a reflex 
hammer; this stretches the quadriceps muscle and 
initiates a dynamic stretch reflex to cause the lower 
leg to jerk forward. The upper part of Figure 9-6 
illustrates a myogram from the quadriceps muscle 
recorded during a knee jerk. 

Similar reflexes can be obtained from almost any 
muscle of the body either by striking the tendon of 
the muscle or by striking the belly of the muscle it¬ 
self. In other words, sudden stretch of muscle spin¬ 
dles is all that is required to elicit a stretch reflex. 

The muscle jerks are used by neurologists to assess 
the degree ot tacilitation of spinal cord centers. When 
l arge numbers ol fht!!lttt’H'ter \ ’ - impulses at P~~bein p 
transmitted trom the upper regions of the central 

nervous system into the cord, the muscle Jerks are 

greatly e xacerhaled. On the other hand, it the ta- 

cilitatorv impulses are depressed or abrogated, the 

jjliigr-ip j^rks ar^ ^^ri^^ifl ^rablv w ^^l^pnpd or com¬ 

pletely abseni- These reflexes are used most fre¬ 
quently to determine the presence or absence of 
muscle spasticity following lesions in the motor areas 
of the brain. Ordinarily, diffuse lesions in the con¬ 
tralateral motor areas of the cerebral cortex cause 
greatly exacerbated muscle jerks. 

Clonus. Under appropriate conditions, the mus¬ 
cle jerks can oscillate, a phenomenon called clonus 
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Figure 9-6. Myograms recorded from the quadriceps 
muscle during elicitation of the knee jerk and from the 
gastrocnemius mucle during ankle clonus. 


(see lower myogram, Fig. 9-6). Oscillation can be 
explained particularly well in relation to ankle clo¬ 
nus, as follows: 

If a person is standing on his tiptoes and suddenly 
drops his body downward to stretch one of his gas¬ 
trocnemius muscles, impulses are transmitted from 
the muscle spindles into the spinal cord. These re- 
flexly excite the stretched muscle, which lifts the 
body back up again. After a fraction of a second, the 
reflex contraction of the muscle dies out and the body 
falls again, thus stretching the spindles a second 
time. Again a dynamic stretch reflex lifts the body, 
but this too dies out after a fraction of a second, and 
the body falls once more to elicit still a new cycle. In 
this way, the stretch reflex of the gastrocnemius 
muscle continues to oscillate, often for long periods 
of time; this is clonus. 

Clonus ordinarily occurs only if the stretch reflex is 
highly sensitized by facilitatory impulses from the 
cerebrum. For instance, in the decerebrate animal, in 
which the stretch reflexes are highly facilitated, clo¬ 
nus develops readily. Therefore, to determine the 
degree of facilitation of the spinal cord, neurologists 
test patients for clonus by suddenly stretching a mus¬ 
cle and keeping a steady stretching force applied to 
the muscle. If clonus occurs, the deg ree 
tion is certain to be very high. 


THE TENDON REFLEX 

The Golgi Tendon Organ and Its Excita¬ 
tion. Golgi tendon organs, illustrated in Fig¬ 
ure 9-7, lie within muscle tendons immediately 
beyond their attachments to the muscle fibers. 
An average of 10 to 15 muscle fibers is usually 
connected in series with each Golgi tendon or¬ 
gan, and the organ is stimulated by the tension 
produced by this small bundle of muscle fibers. 
Thus, the major difference between the function 


of the Golgi tendon apparatus and the muscle 
spindle N thot rplativp rp]]^- 

cle length._and the tendon organ det ^rtv; mngrl^ 
tension. 

The tendon organ, like the primary receptor 
of the muscle spindle, responds with overexci¬ 
tation to the onset of increased muscle tension, 
but within a small fraction of a second it settles 
down to a lower level of steady state firing that 
is almost directly proportional to the muscle 
tension. Thus, the Golgi tendon organs provide 
to th e central nervous system instantaneous in- 
tormation of the degree of tension on each small 
segment of each muscle . 

Transmission of Impulses from the Tendon 
Organ into the Central Nervous System. Signals 
from the tendon organ are transmitted through large, 
rapidly conducting type A alpha nerve fibers, fibers 
only slightly smaller than those from the primary re¬ 
ceptors of the muscle spindle. These fibers, like those 
from the primary receptors, transmit signals both 
into local areas of the cord and through the spino¬ 
cerebellar tracts into the cerebellum. The local signal 
is believed to excite a single inhibitory interneuron 
that in turn inhibits the anterior alpha motoneuron. 
Thus, this local circuit directly inhibits the individual 
muscle without affecting adjacent muscles. The sig¬ 
nals to the cerebellum will be discussed in Chapter 
11 . 

Inhibitory Nature of the Tendon Re¬ 
flex. The Golgi tendon organ detects tension 
applied to the tendon by muscle contraction, as 
was discussed earlier in the chapter. Signals 
from the tendon organ are then transmitted into 
the spinal cord to cause reflex effects in the re¬ 
spective muscle. However, this reflex is en¬ 
tirely inhibitory, the exact opposite to the mus¬ 
cle spindle reflex. The signal from the tendon 
organ supposedly excites inhibitory inter¬ 
neurons, and these in turn inhibit the alpha 
motoneurons to the respective muscle. 

When tension on the muscle and, therefore, 
on the tendon becomes extreme, the inhibitory 
effect from the tendon organ can be so great 
that it causes sudden relaxation of the entire 
muscle. This effect is called the lengthening 
reaction; it is probably a protective mechanism 
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Figure 9-7. Golgi tendon organ. 
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to prevent tearing of the muscle or avulsion of 
the tendon from its attachments to the bone. We 
know, for instance, that direct electrical stimu¬ 
lation of muscles in the laboratory can frequent¬ 
ly cause such destructive effects. 

However, possibly as important as this pro¬ 
tective reaction is function of the tendon reflex 
as a part of the overall servo control of muscle 
contraction in the following manner: 

The Tendon Reflex as a Servo Control Mech¬ 
anism for Muscle Tension. In the same way that 
t he stref ^h reflt^ - possibly operates as a feedback 
mechanism to control length of a muscle, the tendo n^ 
reflex theoretically can operate as a servo ieedoac^ 
mecnamsiTLto conLlfll lim^T;le"lT^lTSi01L'TTFtiL IS.'lf Lh^ 
tension ^ the muscle becomes too great, inhibition 
trom the tendon orean decreaseiUJii^ ,t enM < »»JBa ck-tQ 
a lower value. On the other hand, if the tension be ¬ 
comes to o little, impulses irom itie^e ndao. nr^nn 
cease: and the resulting loss of inhibition allows the 
alpha motoneurons to become active again, thus in¬ 
creasing muscle tension DacK toward a_hmh efj £^el. 

Very little is known at present about the function 
of or control of this tension servo feedback mech¬ 
anism, but it is postulated to operate in the following 
basic manner: Signals from the brain are presumably 
transmitted to the cord centers to set the gain of the 
tendon feedback system. This can be done by chang¬ 
ing the degree of facilitation of the neurons in the 
feedback loop. If the gain is high, then this system 
will be extremely sensitive to signals coming from the 
tendon organs; on the other hand, lack of excitatory 
signals from the brain could make the system very 
insensitive to the signals from the tendon organ. In 
this way, control signals from higher nervous centers 
could automatically set the level of tension at which 
the muscle would be maintained. If the required ten¬ 
sion is high, then the muscle tension would be set by 
the servo feedback mechanism to this high level of 
tension. On the other hand, if the desired tension 
level is low, the muscle tension would automatically 
adjust to this low level. 

This description of the tension servo system is ob¬ 
viously very incomplete and almost entirely theoreti¬ 
cal at the present time, but it does depict some of the 
speculation on this effect. Yet, a word of caution: 
Despite the speculation, the measured feedback 
gains of the tendon-muscle feedback system have 
been far too little to prove that it can be useful as a 
tension servo controller. 

Value of a Servo Mechanism for Control of Ten¬ 
sion. An obvious value of a mechanism for setting 
the degree of muscle tension would be to allow the 
different muscles to apply a desired amount of force 
irrespective of how far the muscles contract. An ex¬ 
ample of this would be paddling a boat, during which 
a person sets the amount of force that he pulls back¬ 
wards on the paddle and maintains that degree of 
force throughout the entire movement. Were it not 
for some type of tension feedback mechanism, the 
same amount of force would not be maintained 


throughout the stroke because uncontrolled muscles 
change their force of contraction as their lengths 
change. One can imagine hundreds of different pat¬ 
terns of muscle function that might require mainte¬ 
nance of constant tension rather than maintenance of 
constant lengths of the muscles. 


THE FLEXOR REFLEX 

In the spinal or decerebrate animal, almost 
any type of sensory stimulus to a limb is likely 
to cause the flexor muscles of the limb to con¬ 
tract strongly, thereby withdrawing the limb 
from the stimulus. This is called the flexor re¬ 
flex. 

In its classical form the flexor reflex is elicited 
most frequently by stimulation of pain endmgs 7 

such as by pinprick, heat, or some other painfu l 

s timulus, for which reason it is also treQuenEly 
called a nociceptive reflex. However, even 
stimulation of the touch receptors can also oc¬ 
casionally elicit a weaker and less prolonged 
flexor reflex. 

If some part of the body besides one of the 
limbs is painfully stimulated, this part, in a simi¬ 
lar manner, will be withdrawn from the stim¬ 
ulus, but the reflex may not be confined entirely 
to flexor muscles even though it is basically the 
same type of reflex. Tbprpfnrp the re flex is fre ¬ 
quently called a withdrawal reflex, too. 

Neuronal Mechanism oi the Flexor Re¬ 
flex. The left-hand portion of Figure 9-8 il- 


RECIPROCAL INHIBITION 



Figure 9—8. The flexor reflex, the crossed extensor 
reflex, and reciprocal inhibition. 
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lustrates the neuronal pathways for the flexor 
reflex. In this instance, a painful stimulus is ap¬ 
plied to the hand; as a result, the flexor muscles 
of the upper arm become reflexly excited, thus 
withdrawing the hand from the painful stimulus. 

The pathways for eliciting the flexor reflex do 
not pass directly to the anterior motoneurons 
but, instead, pass first into the interneuron pool 
of neurons and then to the motoneurons. The 
shortest possible circuit is a three- or four-neu¬ 
ron arc; however, most of the signals of the 
reflex traverse many more neurons than this 
and involve the following basic types of cir¬ 
cuits: (1) diverging circuits to spread the reflex 
to the necessary muscles for withdrawal, (2) 
circuits to inhibit the antagonist muscles, called 
reciprocal inhibition circuits, and (3) circuits to 
cause a prolonged repetitive after-discharge 
even after the stimulus is over. 

Figure 9-9 illustrates a typical myogram 
from a flexor muscle during a flexor reflex. 
Within a few milliseconds after a pain nerve is 
stimulated, the flexor response appears. Then, 
in the next few seconds the reflex begins to 
fatigue, which is characteristic of essentially all 
of the more complex integrative reflexes of the 
spinal cord. Then, soon after the stimulus is 
over, the contraction of the muscle begins to 
return toward the base line, but, because of 
after-discharge, will not return all the way for 
many milliseconds. The duration of the after- 
discharge depends on the intensity of the sen¬ 
sory stimulus that had elicited the reflex; a weak 
stimulus causes almost no after-discharge, in 
contrast to an after-discharge lasting for several 
seconds following a strong stimulus. Further¬ 
more, a flexor reflex initiated by nonpainful 
stimuli and transmitted through the large sen¬ 
sory fibers causes essentially no after-dis¬ 
charge, whereas nociceptive impulses transmit¬ 
ted through the small type A fibers and type C 
fibers cause prolonged after-discharge. 

The after-discharge that occurs in the flexor 



Figure 9-9. Myogram of a flexor reflex, showing rapid 
onset of the reflex, an interval of fatigue, and finally 
after-discharge after the stimulus is over. 


reflex almost certainly results from all three 
types of repetitive-discharge circuits that were 
discussed in Chapter 5. Electrophysiological 
studies indicate that the immediate after-dis¬ 
charge, lasting for about 6 to 8 milliseconds, 
results from the interneuron repetitive firing 
mechanism and from the parallel type of circuit, 
with impulses being transmitted from one inter¬ 
neuron to another to another and all these in 
turn transmitting their signals successively to 
the anterior motoneurons. However, the pro¬ 
longed after-discharge that occurs following 
strong pain stimuli almost certainly involves re¬ 
verberating circuits in the interneurons, these 
transmitting impulses to the anterior 
motoneurons sometimes for several seconds 
after the incoming sensory signal is completely 
over. 

Thus, the flexor reflex is appropriately organ¬ 
ized to withdraw a pained or otherwise irritated 
part of the body away from the stimulus. Furth¬ 
ermore, because of the after-discharge it will 
hold the irritated part away from the stimulus 
for as long as 1 to 3 seconds even after the irrita¬ 
tion is over. During this time, other reflexes and 
actions of the central nervous system can move 
the entire body away from the painful stimulus. 

The Pattern of Withdrawal. The pattern of 
withdrawal that results when the flexor (or 
withdrawal) reflex is elicited depends on the 
sensory nerve that is stimulated. Thus, a painful 
stimulus on the inside of the arm not only elicits 
a flexor reflex in the arm but also contracts the 
abductor muscles to pull the arm outward. In 
other words, the integrative centers of the cord 
cause those muscles to contract that can most 
effectively remove the pained part of the body 
from the object that causes pain. This same 
principle applies for any part of the body but 
especially to the limbs, because they have 
highly developed flexor reflexes. 


THE CROSSED EXTENSOR 
REFLEX 

Approximately 0.2 to 0.5 second after a stim¬ 
ulus elicits a flexor reflex in one limb, the oppo¬ 
site limb begins to extend. This is called the 
crossed extensor reflex. Extension of the oppo¬ 
site limb obviously can push the entire body 
away from the object causing the painful 
stimulus. 

Neuronal Mechanism of the Crossed Exten¬ 
sor Reflex. The right-hand portion of Figure 
9-8 illustrates the neuronal circuit responsible 
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for the crossed extensor reflex, showing that 
sipnnis from the sensory nerves cross to the o p¬ 
posite side of the cord to cause exactly opp osifg" 
reactions to those that cause the flexor relT^x^ 
because the crossed extensor reflex usually 

does not begin until 200 to 500 milliseconds fol¬ 
lowing the initial pain stimulus, it is certain that 
many internuncial neurons are in the circuit be¬ 
tween the incoming sensory neuron and the 
motoneurons of the opposite side of the cord 
responsible for the crossed extension. Further¬ 
more, after the painful stimulus is removed, the 
crossed extensor reflex continues for an even 
longer period of after-discharge than that for the 
flexor reflex. Therefore, again, it is almost cer¬ 
tain that this prolonged after-discharge results 
from reverberatory circuits among the inter¬ 
nuncial cells. 

Figure 9-10 illustrates a myogram recorded 
from a muscle involved in a crossed extensor 
reflex. This shows the relatively long latency 
before the reflex begins and also the very long 
after-discharge following the end of the 
stimulus. The prolonged after-discharge obvi¬ 
ously would be of benefit in holding the entire 
body away from a painful object until other 
neurogenic reactions should cause the body to 
move away. 


RECIPROCAL INNERVATION 

In the foregoing paragraphs we have pointed 
out several times that excitation of one group of 
muscles is often associated with inhibition of 
another group. For instance, when a stretch 
reflex excites one ni u&c.le-JJ-simii]taneous]v__in,- 
hibits the antagonist muscles. This is the 
phenomenon of reciprocal.mhiliLtion, and the 

neuronal mechanism that causes this recinrocal 

relationship is called recinrocal innervation . 

Likewise, reciprocal relationships exist be¬ 

tween the two sides of the cord as exemplified 



Figure 9-10. Myogram of a crossed extensor reflex, 
showing slow onset but prolonged after-discharge. 



Figure 9-11. Myogram of a flexor reflex, illustrating 
crossed inhibition caused by a stronger flexor reflex in the 
opposite limb. 

by the flexor and extensor reflexes as described 
above. 

We will see below that t he principle of recin ¬ 
rocal innervation is also important in most of 
the cord reflexe^that subserve locomotion, for 

i t helps to cause forward movement of one limb 

while causing backward movement of the oppo¬ 

site limb._and it also causes alternate move-^ 
ments between the forelimbs and the hindlimbs . 

f^lgure 9-11 illustrates a typical example of 
reciprocal inhibition. In this instance, a moder¬ 
ate but prolonged flexor reflex is elicited from 
one limb of the body, and while this reflex is still 
being elicited a still stronger flexor reflex is elic¬ 
ited from the opposite limb, causing reciprocal 
inhibition of the first limb. Then removal of the 
strong flexor reflex allows the original reflex to 
reassume its previous intensity. 

FATIGUE (DECREMENT) OF 
REFLEXES; REBOUND 

Figure 9-9 illustrated that the flexor reflex 
begins to fatigue within a few seconds after its 
initiation. This is a common effect in most of the 
cord reflexes as well as many other reflexes of 
the central nervous system, and it presumably 
results from progressive fatigue of synaptic 
transmission in the reflex circuits, a subject that 
was discussed more fully in Chapter 4. 

Another effect closely allied to fatigue is re ¬ 
bound. Itiis means that, immediately afte r a 
reflex is over, a second reflex of the same type 

much-more difficult to elicit lor ajdven time 
thereafter . However, because of reciprocal in- 
nervation, reflexes of the antagonist muscles 
become even more easily elicited during that 
same period of time. For instance, if a flexor 
reflex occurs in a left limb, a second flexor 
reflex is more difficult to establish for a few sec¬ 
onds thereafter, but a crossed extensor reflex in 
this same limb will be greatly exacerbated. Re¬ 
bound is probably one of the important 































































































136 


THE NERVOUS SYSTEM 


mechanisms by which the rhythmic to-and-fro 
movements required in locomotion are effected, 
which are described in more detail later in the 
chapter. 

THE REFLEXES OF POSTURE 
AND LOCOMOTION 

THE POSTURAL AND LOCOMOTIVE 
REFLEXES OF THE CORD 

The Positive Supportive Reaction. Pres¬ 
sure on the footpad of a decerebrate animal 
causes the limb to extend against the pressure 
that is being applied to the foot. Indeed, this 
reflex is so strong an animal whose spinal cord 
has been transected for several months can 
often be placed on its feet, and the pressure on 
the footpads will reflexly stiffen the limbs 
sufficiently to support the weight of the body— 
the animal will stand in a rigid position. This 
reflex is called the positive supportive reaction. 

The positive supportive reaction involves a 
complex circuit in the interneurons similar to 
those responsible for the flexor and the 
crossed-extensor reflexes. Furthermore, the 
locus of the pressure on the pad of the foot de¬ 
termines the position to which the limb is ex¬ 
tended. 

The Magnet Reaction. If pressure is applied on 
one side of the foot, the foot moves in that direction, 
or, if the pressure is applied forward, the foot moves 
forward, or, if it is applied backward, the foot moves 
backward. In this way, the bottom of the foot re¬ 
mains continuously extended toward the nressure 
liiat IS being applied, li his is called the magnet reac- 
Jion. and it obviously couia help in the maintenance 

ot equilibrium, tor, it an animal should tend to fall to 

one side, that side of the footpad would be sti mu¬ 

l ated, and the limb would automatically extati u_rn- 
• Ward the falling side to push the body of the_animal in 

tjie opposite direction- 

^The Cord “Righting” Reflexes. When a 
spinal cat or even a well-recovered young spinal 
dog is laid on its side, it will make incoordinate 
movements that indicate that it is trying to raise 
itself to the standing position. This is called a 
cord righting reflex, and it illustrates that rela¬ 
tively complicated reflexes associated with 
posture are at least partially integrated in the 
spinal cord. Indeed, a puppy with a well-healed 
transected thoracic cord caudal to the cord level 
for the forelegs can completely right itself from 
the lying position and can even walk on its 
hindlimbs. And, in the case of the opossum with 
a similar transection of the thoracic cord, the 
walking movements of the hindlimbs are hardly 


different from those in the normal opossum— 
except that the hindlimb movements are not 
synchronized with those of the forelimbs as is 
normally the case. 

The Rhythmic Stepping Reflex of a Single 
Limh. Rhythmic stepping movements are fre¬ 
quently observed in the limbs of spinal animals. 
Indeed, even when the lumbar portion of the 
spinal cord is separated from the remainder of 
the cord and a longitudinal section is made 
down the center of the cord to block neuronal 
connections between the two limbs, each hind 
limb can still perform stepping functions. For¬ 
ward flexion of the limb is followed a second or 
so later by backward extension. Then flexion 
occurs again, and the cycle is repeated over and 
over. 

This oscillation back and forth between the 
flexor and extensor muscles seems to result 
mainly from reciprocal inhibition and rebound. 
That is, the forward flexion of the limb causes 
reciprocal inhibition of extensor muscles, but 
shortly thereafter the flexion begins to die out; 
as it does so, rebound inhibition of the flexors 
and reciprocal excitation of the extensors cause 
the leg to move downward and backward. After 
extension has continued for a time, it, too, be¬ 
gins to die and is followed by reciprocal excita¬ 
tion of the flexor muscles. 

Reciprocal Stepping of Opposite Limbs. If 
the lumbar spinal cord is not sectioned down its 
center as noted above, every time stepping oc¬ 
curs in the forward direction in one limb, the 
opposite limb ordinarily steps backward. This 
effect results from reciprocal innervation be¬ 
tween the two limbs. 

Diagonal Stepping of All Four Limbs—The 
“Mark Time” Reflex. If a well healed spinal 
animal is held up from the table and its legs are 
allowed to fall downward as illustrated in Figure 
9-12, the stretch on the limbs occasionally elic¬ 
its stepping reflexes that involve all four limbs. 
In general, stepping occurs diagonally between 
the fore- and hindlimbs. That is, the right 
hindlimb and the left forelimb move backward 
together while the right forelimb and left 
hindlimb move forward. This diagonal response 
is another manifestation of reciprocal innerva¬ 
tion, this time occurring the entire distance up 
and down the cord between the fore- and 
hindlimbs. Such a walking pattern is often 
called a mark time reflex. 

The Galloping Reflex. Another type of 
reflex that occasionally develops in the spinal 
animal is the galloping reflex, in which both 
forelimbs move backward in unison while both 
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Walking movefnent 

Figure 9-12. Diagonal stepping movements exhibited 
by a spinal animal. 

hindlimbs move forward. If stretch or pressure 
stimuli are applied almost exactly equally to 
opposite limbs at the same time, a galloping 
reflex will likely result, whereas unequal stimu¬ 
lation of one side versus the other elicits the 
diagonal walking reflex. This is in keeping with 
the normal patterns of walking and of galloping, 
for, in walking, only one limb at a time is stimu¬ 
lated, and this would predispose to continued 
walking. Conversely, when the animal strikes 
the ground during galloping, the limbs on both 
sides are stimulated approximately equally; this 
obviously would predispose to further galloping 
and, therefore, would continue this pattern of 
motion in contradistinction to the walking pat¬ 
tern. 

THE SCRATCH REFLEX 

An especially important cord reflex in lower ani¬ 
mals is the scratch reflex, which is initiated by the 
itch and tickle sensation. It actually involves two dif¬ 
ferent functions: (1) a position sense that allows the 
paw to find the exact point of irritation on the surface 
of the body and (2) a to-and-fro scratching move¬ 
ment. 

Obviously, the scratch reflex, like the stepping 
movements of locomotion, involves reciprocal in¬ 
nervation circuits that cause oscillation. One of the 
important discoveries in relation to the to-and-fro 
movement of the scratch reflex is that it can still 
occur even when all the sensory roots from the oscil¬ 
lating limb are sectioned. In other words, feedback 
from the limb itself is not necessary to maintain the 
neuronal oscillation, which almost certainly means 
that the oscillation can occur intrinsically as a result 
of oscillating circuits within the spinal interneurons 
themselves. 

The position sense of the scratch reflex is also a 
highly developed function, for even though a flea 


might be crawling as far forward as the shoulder of a 
spinal animal, the hind paw can find its position. 
Furthermore, this can be accomplished even though 
19 different muscles in the limb must be contracted 
simultaneously in a precise pattern to bring the paw 
to the exact position of the crawling flea. To make the 
reflex even more complicated, when the flea crosses 
the midline, the paw stops scratching, but the oppo¬ 
site paw suddenly begins the to-and-fro motion and 
finds the flea immediately. 

THE SPINAL CORD 
REFLEXES THAT CAUSE 
MUSCLE SPASM 

In human beings, local muscle spasm is often ob¬ 
served. The mechanism of this has not been eluci¬ 
dated to complete satisfaction even in experimental 
animals, but it is known that pain stimuli can cause 
reflex spasm of local muscles, which presumably is 
the cause of much if not most of the muscle spasm 
observed at localized regions of the human body. 

Muscle Spasm Resulting from a Broken 
Bone. One type of clinically important spasm oc¬ 
curs in muscles surrounding a broken bone. This 
seems to result from the pain impulses initiated from 
the broken edges of the bone, which cause the mus¬ 
cles surrounding the area to contract powerfully and 
tonically. Relief of the pain by injection of a local 
anesthetic relieves the spasm; a general anesthetic 
also relieves the spasm. One of these procedures is 
often necessary before the spasm can be overcome 
sufficiently for the two ends of the bone to be set 
back into appropriate positions. 

Abdominal Spasm in Peritonitis. Another type 
of local spasm caused by a cord reflex is the abdomi¬ 
nal spasm resulting from irritation of the parietal 
peritoneum by peritonitis. Here, again, relief of the 
pain caused by the peritonitis allows the spastic mus¬ 
cles to relax. Almost the same type of spasm often 
occurs during surgical operations; pain impulses 
from the parietal peritoneum cause the abdominal 
muscles to contract extensively and sometimes actu¬ 
ally to extrude the gut through the surgical wound. 
For this reason deep surgical anesthesia is usually 
required for intraabdominal operations. 

Muscle Cramps. Still another type of local 
spasm is the typical muscle cramp. In the past this 
has been ascribed to local contraction of the muscle 
in response to abnormal metabolic end-products in 
the muscle itself. However, electromyographic stud¬ 
ies indicate that the cause of at least some muscle 
cramps is the following: 

Any local irritating factor or metabolic abnormality 
of a muscle—such as severe cold, lack of blood flow 
to the muscle, or overexercise of the muscle—can 
elicit pain or other types of sensory impulses that are 
transmitted from the muscle to the spinal cord, thus 
causing reflex muscle contraction. The contraction in 
turn stimulates the same sensory receptors still more, 
which causes the spinal cord to increase the intensity 
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of contraction still further. Thus, a positive feedback 
mechanism occurs so that a small amount of initial 
irritation causes more and more contraction until a 
full-blown muscle cramp ensues. Reciprocal inhibi - 


^Ke cramp. That is, if a person pun 

poseiully contracts 

the muscle on tne opposite side o1 

^the lomllrom the 


reciprocal inhibition that occurs m tne cramped mus ¬ 

cle can at times relieve the cramp immediatebZ 


THE AUTONOMIC REFLEXES IN 
THE SPINAL CORD 


Many different types of segmental autonomic re¬ 
flexes occur in the spinal cord, most of which are 
discussed in other chapters. Briefly, these include: 
(1) changes in vascular tone resulting from heat and 
cold, (2) sweating, which results from localized heat 
at the surface of the body, (3) intestino-intestinal re¬ 
flexes that control some motor functions of the gut, 
(4) peritoneo-intestinal reflexes that inhibit gastric 
motility in response to peritoneal irritation, and (5) 
evacuation reflexes for emptying the bladder and the 
colon. In addition, all the segmental reflexes can at 
times be elicited simultaneously in the form of the 
so-called mass reflex as follows: 

The Mass Reflex. In a spinal animal or human 
being, the spinal cord sometimes suddenly becomes 
excessively active, causing massive discharge of 
large portions of the cord. The usual stimulus that 
causes this is a strong nociceptive stimulus to the 
skin or excessive filling of a viscus, such as overdis¬ 
tention of the bladder or of the gut. Regardless of the 
type of stimulus, the resulting reflex, called the mass 
reflex, involves large portions or even all of the cord, 
and its pattern of reaction is the same. The effects 
are: (1) a major portion of the body goes into strong 
flexor spasm, (2) the colon and bladder are likely to 
evacuate, (3) the arterial pressure often rises to max¬ 
imal values—sometimes to a mean pressure well over 
200 mm. Hg, and (4) large areas of the body break out 
into profuse sweating. The m ass reflex might be 

[ve the cen- 


l ikened to the epileptic attacks t 

tral nervous system in which 




brauj-hecome massively activated 

The precise neuronal mechanism of the mass reflex 
is unknown. Hqwpv^ p since its duration is pro ¬ 
longed. it presuma ^lY frr^m pi ptivation of great 

masses of reverberating^ circuits that excite large 


areas of the cord at once.. 


SPINAL CORD TRANSECTION 
AND SPINAL SHOCK 

When the spinal cord is suddenly transected, es¬ 
sentially all cord functions, including the cord re¬ 


flexes, immediately become depressed to the point of 
oblivion, a reaction called spinal shock. The reason 
for this is that normal activity of the cord neurons 
depends to a great extent on continual tonic dis¬ 
charges from higher centers, particularly discharges 
transmitted through the vestibulospinal tract, the ex¬ 
citatory portions of the reticulospinal tracts, and the 
corticospinal tracts. 

After a few days to a few months of spinal shock, 
the spinal neurons gradually regain their excitability. 
This seems to be a natural characteristic of neurons 
everywhere in the nervous system—that is, after 
they lose their source of facilitatory impulses, they 
increase their own natural degree of excitability to 
make up for the loss. In most nonprimates, the ex¬ 
citability of the cord centers returns essentially to 
normal within a few hours to a few weeks, but in man 
the return is often delayed for several months and 
occasionally is never complete; or, on the other 
hand, recovery is sometimes excessive, with result¬ 
ant hyperexcitability of all or most cord functions. 

Some of the spinal functions specifically affected 
during or following spinal shock are: (1) The arterial 
blood pressure falls immediately—sometimes to as 
low as 40 mm. Hg—thus illustrating that sympathetic 
activity becomes blocked almost to extinction. How¬ 
ever, the pressure ordinarily returns to normal within 
a few days. (2) All skeletal muscle reflexes integrated 
in the spinal cord are completely blocked during the 
initial stages of shock. In lower animals, a few hours 
to three weeks are required for these reflexes to re¬ 
turn to normal, and in man several months are often 
required. Sometimes, both in animals and man, some 
reflexes eventually become hyperexcitable, particu¬ 
larly if a few facilitatory pathways remain intact be¬ 
tween the brain and the cord while the remainder of 
the spinal cord is transected. The first reflexes to 
return are the stretch reflex, followed in order by the 
progressively more complex reflexes, the flexor re¬ 
flexes, the postural antigravity reflexes, and rem¬ 
nants of stepping reflexes. (3) The sacral reflexes for 
control of bladder and colon evacuation are com¬ 
pletely suppressed in man for the first few weeks 
following cord transection, but they eventually re¬ 
turn. 
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I 10 

Motor Functions of the Brain Stem 
and Basal Ganglia—^Reticular 
Formation, Vestibular Apparatus, 
Equilibrium, and Brain 
Stem Reflexes 


The brain stem is a complex extension of_the 

spinal cord . Collected in it are numerous 

neuronal circuits to control respiration, car¬ 
diovascular function, gastrointestinal function, 
eye movement, equilibrium, support of the 
body against gravity, and many special 
stereotyped movements of the body. Some of 
these functions—such as control of respiration 
and cardiovascular functions—are described in 
special sections of this text. The present chap¬ 
ter deals primarily with the control of whole 
body movement and equilibrium. 

THE RETICULAR FORMATION, 

AND SUPPORT OF THE BODY 
AGAINST GRAVITY 

Throughout the entire extent of the brain 

stem—in the medulla, pons, mesencephalon, 

evemiii portions of the diencephalon—are 

areas otTlittuse neurons collectivelv known ns_ 

t^ reticular forme///on.^ Figure 10-1 illustrates 
the extent of the reticular formation, showing it 
to begin at the upper end of the spinal cord and 
to extend upward through the cen tral por¬ 
tions of tlT^ Ihdlcl'lflUib, " bi inio the hypo ¬ 
thalam us, and (c) into other areas adjacent t o 
ttie thalamus . The lower end ot the reticular 
formation is continuous with the interneurons 


of the spinal cord, and, indeed, the reticular 
formation of the brain stem functions in a man¬ 
ner quite analogous to many of the functions of 
the interneurons in the intermediolateral por¬ 
tions of the cord gray matter. 

Interspersed throughout the reticular forma¬ 
tion are both motor and sensory neurons; these 
vary in size from very small to very large. The 
small neurons, which constitute the greater 
number, have short axons that make multiple 
connections within the reticular formation it¬ 
self. The large neurons are mainly motor in 
function, and their axons usually bifurcate al¬ 
most immediately, with one division extending 
downward to the spinal cord and the other ex¬ 
tending upward to the thalamus or other basal 
regions of the diencephalon or cerebrum. In 
general, the medial portions of the reticular 
formation tend to be more motor in function, 
whereas the more lateral portions tend to be 
either sensory or associative in function. 

The sensory input to the reticular formation is 
from multiple sources, includi ng- 
spinoreticular tracts and collaterals from th e 
spinothalamic tracts, (2) the vestibular tracts , 

( 3) the cerebellum, (4) the basal ganglia, (3) th e 

cerebral cortex, esp ecially the motor regies . 

a nd (6) the hypothalamus and other ne?irby as - 
SDciated areas. 

Though most of the neurons in the reticular 
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Figure 10-1. The reticular formation and associated 
nuclei. 


The bulboreticular facilitatory area and also 
the vestibular nuclei, which are really also part 
of the facilitatory system, are intrinsically ex¬ 
citable. That is, if they are not inhibited by sig¬ 
nals from other parts of the nervous system, 
t hey have a natural tendency to transmit con ¬ 
tinuous nerve impulses both downward to the 
motor areas of the cord and unward to the cere¬ 

brum. But^n the normal ani mal, inhibitory sig- 
na]s_are continually available from the basa l 
ganglia, the cerebellum, and the cerebral co rtex 
to ke_e |3 t h^ faciliiMorv system from hecofhi^ 
overactive. As will be noted later in the chapter 
in the discussion of the decerebrate animal, re¬ 
moval of the higher portions of the nervous sys¬ 
tem removes this inhibition and allows the re¬ 
ticular facilitatory area to become tonically ac¬ 
tive, which causes rigidity of the extensor, 
anti-gravity skeletal muscles throughout the 
body. 

On the other hand, when the brain stem is 
sectioned at a level slightly lower than the ves¬ 
tibular nuclei, most of the motor functions of 
the reticular facilitatory area are then blocked, 
which causes almost all the musculature 
throughout the body to become totally flaccid. 


formation are evenly dispersed, some of them 
are collected into specific nuclei, which are 
label^ in Figure 10-1. In general, these specific 
miclrif-nrr not considered to be part of the re- 
'ficular formation per se even though they do 
^perate in association with it. In most instances 

of stereotyped movements. As an example, the 
vestibular nuclei provide nrenrogrammed at - 
tTtudinal contractions of the muscles for 

maintenance of equilibrium, as will be dis¬ 
cussed later in the chapter. 


EXCITATORY FUNCTION OF THE 
RETICULAR FORMATION—THE 
BULBORETICULAR FACILITATORY AREA 

Bv far the ma - ioritv o f th e reticular formation 
is excitatory , including especially the reticular 
formation in the uppermost and lateral parts of 
the medulla and all of that in the pons, 
mesencephalon, and diencephalon. These areas 
are known collectively as the bulboreticular 

fnrilitntorv area. Dittuse stimulation in this 

J^nTiiairicy causes a general increase in 
muscle tone either throughout the body or in 


INHIBITORY FUNCTION OF THE LOWER 
RETICULAR FORMATION—THE 
BULBORETICULAR 
INHIBITORY AREA 

A small portion of the reticular formation lo¬ 
cated in the ventral medial region of the lower 
three-fourths of the medulla has potent inhibi- 
Tory functions and is known as the bulboreticu - 
Inr inhibitory area. Jjittuse stimulation m this 
area causes decreased tone in most musculatum 
of the bod y. 1 he bulboreticular inhibitory ar^ 
IS not itselt intrinsically excitable. HowexLer. , 

signals arrive m this area almost all 

from the basal ganglia._the cerebral cortex, and 

jhe_cprpbf^lliim fp keep it excitejd . 

The inhibitory effect of the bulboreticular in¬ 
hibitory area is continually pitted against the 
excitatory effect of the bulboreticular facilita¬ 
tory area. Consequently, when the two areas 
are both functioning normally, the motor func-, 
tions ot' the spinal cord are neither excited nor 

inhibited. But if the excitation of t he inhib itory 

area from the ba sal ganglia, cer ebral cor tex, and 
ce rebellum is removed or even partially re¬ 

moved, then the inhibitory area__becomes less . 
active and facilitation predominates. Indeed , 

this is one of the usual causes of spasticity of 

the muscles throughout the body alter a major^ 
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part of the brain has been destroyed by a cere¬ 
bral infarct. 


SUPPORT OF THE BODY AGAINST 
GRAVITY 


When a person or an animal is in a standing 
position, c ontinuous imniils&s_are transmitted 
from the reticular formation and from closely 

allied nuclei, particula rly from the vestibular 

nuclei, i nto the spinal cord and thence to the 
extensor muscles to stitfen the limb s. This al¬ 
lows the limbs to support the body against gra v¬ 
ity. These impulses are transmitted mairilv bv- 
wav of the reticulospinal and vestib ulospinal 
tracts ^ 


The normal excitatory nature of the vestibu¬ 
lar nuclei and of the bulboreticular facilitatory 
area provides much of the intrinsic excitation 
required to maintain tone in the extensor mus¬ 
cles. However, the degree of activity in the in¬ 
dividual extensor muscles is determined by the 
equilibrium mechanisms. Thus, if an animal be¬ 
gins to fall to one side, the extensor muscles on 
that side stiffen while those on the opposite side 
relax. And analogous effects occur when it 
tends to fall forward or backward. 

In essence, then, the rptiri] 1ar facilitatory_sys-_ 
t ern provides the nervous energy to support the 
body against pavitv. But other factors, particu¬ 
larly the Y^^tihlll.a.r a^ai:a±iig/"S 
ative degree of extensor contraction in the dif-._ 
ferent parts of the body, which provides the 

function ot^ equilibrium 


X 


VESTIBULAR SENSATIONS 
AND THE MAINTENANCE 
OF EQUILIBRIUM 

THE VESTIBULAR APPARATUS 

The vestibular apparatus is the sensory organ 
that detects sensations concerned with equilib¬ 
rium. It is composed of a bony labyrinth con¬ 
taining the membranous labyrinth, the func¬ 
tional part of the apparatus. The top of Figure 
10-2 illustrates the membranous labyrinth; it is 
composed mainly of the cochlear duct, the 
three semicircular canals, and the two large 
chambers known as the utricle and the saccule. 
The cochlear duct is concerned with hearing 
and has nothing to do with equilibrium. How¬ 
ever, the utricle, the saccule, and the semicircu¬ 
lar canals are especially important for maintain¬ 
ing equilibrium. 
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Figure 10-2. The membranous labyrinth, and organiza¬ 
tion of the crista ampullaris and the macula. (From Goss: 
Gray’s Anatomy of the Human Body. Lea & Febiger; mod¬ 
ified from Kolmer by Buchanan: Functional Neuro¬ 
anatomy. Lea & Febiger.) 


The Utricle and the Saccule. Located on 
the wall of both the utricle and the saccule is a 
small area slightly over 2 mm. in diameter called 
a macula. Each of these maculae is a sensory 
area for detecting the orientation of the head 
with respect to the direction of gravitational pull 
or of other acceleratory forces, as will be 
explained in subsequent sections of this chap¬ 
ter. Each macula is covered by a gelatinous 
layer in which many small calcium carbonate 
crystals called otoconia are imbedded. Also, in 
the macula are thousands of hair cells, which 
project cilia up into the gelatinous layer. 
Around the bases of the hair cells are entwined 
sensory axons of the vestibular nerve. 

Even under resting conditions, most of the 
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nerve fibers surrounding the hair cells transmit 
a continuous series of nerve impulses. Bending 
the cilia of a hair cell to one side causes the 
impulse traffic in its nerve fibers to increase 
markedly; bending the cilia to the opposite side 
decreases the impulse traffic, often turning it off 
completely. Therefore, as the orientation of the 
head in space changes and the weight of the 
otoconia (whose specific gravity is about three 
times that of the surrounding tissues) bends the 
cilia, appropriate signals are transmitted to the 
brain to control equilibrium. 

In each macula the different hair cells are 
oriented in different directions so that some of 
them are stimulated when the head bends for¬ 
ward, some when it bends backward, others 
when it bends to one side, and so forth. There¬ 
fore, a different pattern of excitation occurs in 
the macula for each position of the head; it is 
this “pattern” that apprises the brain of the 
head’s orientation. 

The Semicircular Canals. The three 
semicircular canals in each vestibular ap¬ 
paratus, known respectively as the superior, 
posterior, and external (or horizontal) semicir¬ 
cular canals, are arranged at right angles to 
each other so that they represent all three 
planes in space. When the head is bent forward 
approximately 30 degrees, the two external 
semicircular canals are located approximately 
horizontal with respect to the surface of the 
earth. The superior canals are then located in 
vertical planes that project forward and 45 de¬ 
grees outward, and the posterior canals are also 
in vertical planes but project backward and 45 
degrees outward. Thus, the superior canal on 
each side of the head is in a plane parallel to that 
of the posterior canal on the opposite side of the 
head, whereas the two external canals on the 
two sides are located in approximately the same 
plane. 

In the ampullae of the semicircular canals, as 
illustrated in Figure 10-2, are small crests, each 
called a crista ampnllaris, and on top of the 
crista is a gelatinous mass similar to that in the 
utricle and known as the cupula. Into the cupula 
are projected hairs from hair cells located along 
the ampullary crest, and these hair cells in turn 
are connected to sensory nerve fibers that pass 
into the vestibular nerve. Bending the cupula to 
one side, caused by flow of fluid in the canal, 
stimulates the hair cells, while bending in the 
opposite direction inhibits them. Thus, appro¬ 
priate signals are sent through the vestibular 
nerve to apprise the central nervous system of 
fluid movement in the respective canal. 


Recent experiments indicate that the upper end of 
the cupula is either attached or semi-attached to the 
opposite side of the ampulla and therefore might not 
bend as a whole unit as illustrated in Figure 10-2. 
Instead, the fluid accumulating on one side of the 
cupula simply bulges the structure in the opposite 
direction as if it were a diaphragm. Because of this, 
the hair cells in the center of the cupula will be stimu¬ 
lated much more powerfully at first, whereas the 
more lateral hair cells will be stimulated pro¬ 
gressively more powerfully as the cupula bulges still 
more. This effect may account for the tremendous 
range of acceleration that can be detected accurately 
by the semicircular canal system. 

Directional Sensitivity of the Hair Cells— 
The Kinocilium. Each hair cell has a large 
number of very small cilia plus one very large 
cilium called the kinocilium. This kinocilium is 
located to one side of the hair cell, always on 
the same side of the cell with respect to its 
orientation on the ampullary crest. This pre¬ 
sumably is the cause of the directional sensitiv¬ 
ity of the hair cells: namely, stimulation when 
the hairs are bent in one direction and inhibition 
when bent in the opposite direction. 

Neuronal Connections of the Vestibular Ap¬ 
paratus with the Central Nervous System. Figure 
10-3 illustrates the central connections of the ves¬ 
tibular nerve. Most of the vestibular nerve fibers end 
in the vestibular nuclei, which are located approxi¬ 
mately at the junction of the medulla and the pons, 
but some fibers pass without synapsing to the fas- 
tigial nuclei, uvula, and flocculonodular lobes of the 
cerebellum. The fibers that end in the vestibular nu¬ 
clei synapse with second order neurons that in turn 
send fibers into the flocculonodular lobe of the cere¬ 
bellum, to the cortex of other portions of the cerebel¬ 
lum, into the vestibulospinal tract, into the medial 
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Figure 10-3. Connections of vestibular nerves in the 
central nervous system. 
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longitudinal fasciculus, and to other areas of the 
brain stem, particularly the reticular nuclei. 

Note especially the very close association between 
the vestibular apparatus, the vestibular nuclei, and 
the cerebellum. The primary pathway for the reflexes 
of equilibrium begins in the vestibular nerves and 
passes next to both the vestibular nuclei and the 
cerebellum. Then, after much two-way traffic of im¬ 
pulses between these two, signals are sent into the 
reticular nuclei of the brain stem as well as down the 
spinal cord via vestibulospinal and reticulospinal 
tracts. In turn, the signals to the cord control the 
interplay between facilitation and inhibition of the 
extensor muscles, thus automatically controlling 
equilibrium. 

The flocculonodular lobes of the cerebellum seem 
to be especially concerned with equilibrium functions 
of the semicircular canals because destruction of 
these lobes gives almost exactly the same clinical 
symptoms as destruction of the semicircular canals 
themselves. That is, severe injury to either of these 
structures causes loss of equilibrium during rapid 
changes in direction of motion but does not disturb 
equilibrium under static conditions, as will be dis¬ 
cussed in subsequent sections. It is also believed that 
the uvula of the cerebellum plays an important role in 
static equilibrium. 

Signals transmitted upward in the brain stem from 
both the vestibular nuclei and the cerebellum via the 
medial longitudinal fasciculus cause corrective 
movements of the eyes every time the head rotates so 
that the eyes can remain fixed on a specific visual 
object. Signals also pass upward (either through this 
same tract or through reticular tracts) to the cerebral 
cortex, probably terminating in a primary cortical 
center for equilibrium located near the auditory area 
of the superior temporal gyrus. These signals apprise 
the psyche of the equilibrium status of the body. 

FUNCTION OF THE UTRICLE AND THE 
SACCULE IN THE MAINTENANCE OF 
STATIC EQUILIBRIUM 

It is especially important that the different 
hair cells be oriented in all different directions 
in the maculae of the utricles and saccules so 
that at different positions of the head, different 
hair cells become stimulated. The “patterns” of 
stimulation of the different hair cells apprise the 
nervous system of the position of the head with 
respect to the pull of gravity. In turn, the ves¬ 
tibular, cerebellar, and reticular motor systems 
reflexly excite the appropriate muscles to main¬ 
tain proper equilibrium. 

The maculae in the utricle and saccule are 
especially attuned to detecting the precise posi¬ 
tion of the head with respect to the pull of grav¬ 
ity when the head is in the near-vertical posi¬ 
tion. That is, a person can determine as little as 
Vi degree mal-equilibrium when the head leans 


from the precise upright position. On the other 
hand, as the head is leaned further and further 
from the upright, the determination of head 
orientation by the vestibular sense becomes 
poorer and poorer. Obviously, extreme sen¬ 
sitivity in the upright position is of major impor¬ 
tance for maintenance of precise vertical static 
equilibrium, which is the most essential func¬ 
tion of the vestibular apparatus. 

Detection of Linear Acceleration by the 
Utricle. When the body is suddenly thrust 
forward, the otoconia, which have greater iner¬ 
tia than the surrounding fluids, fall backward on 
the hair cilia, and information of mal- 
equilibrium is .sent into the nervous centers 
causing the individual to feel as if he were fall¬ 
ing backward. This automatically causes him to 
lean his body forward until the anterior shift of 
the otoconia exactly equals the tendency for the 
otoconia to fall backward because of the linear 
acceleration. At this point, the nervous system 
detects a state of proper equilibrium and there¬ 
fore shifts the body no farther forward. As long 
as the degree of linear acceleration remains 
constant and the body is maintained in this for¬ 
ward leaning position, the person falls neither 
forward nor backward. Thus, the otoconia op¬ 
erate to maintain equilibrium during linear ac¬ 
celeration in exactly the same manner as they 
operate in static equilibrium. 

The otoconia do not operate for the detection 
of linear motion. When a runner first begins to 
run, he must lean far forward to keep from fall¬ 
ing over backward because of acceleration, but 
once he has achieved running speed, he would 
not have to lean forward at all if he were run¬ 
ning in a vacuum. When running in air he leans 
forward to maintain equilibrium only because of 
the air resistance against his body, and in this 
instance it is not the otoconia that make him 
lean but the pressure of the air acting on pres¬ 
sure end-organs in the skin, which initiate the 
appropriate equilibrium adjustments to prevent 
falling. 

THE SEMICIRCULAR CANALS AND 
THEIR DETECTION OF ANGULAR 
ACCELERATION AND ANGULAR 
VELOCITY 

When the head suddenly begins to rotate in 
any direction, the endolymph in the membra¬ 
nous semicircular canals, because of its inertia, 
tends to remaiti stationary while the semicircu¬ 
lar canals themselves turn. This causes relative 
fluid flow in the canals in a direction opposite to 
the rotation of the head. 
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Figure 10-4 illustrates an ampulla of one of 
the semicircular canals, showing the capiila and 
its embedded hairs bending in the direction of 
fluid movement. And Figure 10-5 illustrates the 
discharge signal from a single hair cell in the 
crista ampullaris when an animal is rotated for 
40 seconds, showing that (1) even when the 
cupula is in its resting position the hair cell 
emits a tonic discharge of approximately 15 im¬ 
pulses per second; (2) when the animal is ro¬ 
tated, the hairs bend to one side and the rate of 
discharge increases greatly; and (3) with con¬ 
tinued rotation, the excess discharge of the hair 
cell gradually subsides back to the resting level 
in about 20 seconds. 

The reason for this adaptation of the receptor 
is that within a second or more of rotation, fric¬ 
tion in the semicircular canal causes the en- 
dolymph to rotate as rapidly as the semicircular 
canal itself; then in an additional 15 to 20 sec¬ 
onds the cupula slowly returns to its resting po¬ 
sition in the middle of the ampulla. 

When the rotation suddenly stops, exactly 
the opposite effects take place: the endolymph 
continues to rotate while the semicircular canal 
stops. This time the cupula is bent in the oppo¬ 
site direction, causing the hair cell to stop dis¬ 
charging entirely. After another few seconds, 
the endolymph stops moving, and the cupula 
returns gradually to its resting position in about 
20 seconds, thus allowing the discharge of the 
hair cell to return to its normal tonic level as 
shown to the right in Figure 10-5. 

Thus, the semicircular canal transmits a sig¬ 
nal when the head begins to rotate and a nega¬ 
tive signal when it stops rotating. Furthermore, 



Figure 10-4. Movement of the cupula and its embedded 
hairs during rotation first in one direction and then in the 
opposite direction. 




Figure 10-5. Response of a hair cell when a semicircular 
canal is stimulated first by rotation and then by stopping 
rotation. 


at least some hair cells will always respond to 
rotation in any plane—horizontal, sagittal, or 
coronal—for fluid movement always occurs in 
at least one semicircular canal. 

Detection of Angular Acceleration and Angular 
Velocity. Angular velocity means the rate of rota¬ 
tion; that is, it is the number of revolutions about an 
axis in a given period of time. Angular acceleration 
means the rate at which the angular velocity is chang¬ 
ing. 

The semicircular canals always give a person a 
feeling of increasing rotation when he begins to rotate 
or a feeling of decreasing rotation when he stops 
rotating—that is, they give a signal for angular accel¬ 
eration. Therefore, it is commonly stated that the 
semicircular canals are primarily a detector of angu¬ 
lar acceleration. However, a person also continues to 
feel that he is rotating for 15 to 30 seconds after he 
has begun to rotate. That is, he feels angular velocity 
during this period of time. Therefore, the semicircu¬ 
lar canals actually detect a combination of angular 
acceleration and angular velocity, although the angu¬ 
lar velocity effect may last only for 15 to 30 seconds. 

To explain these effects, let us refer again to Figure 
10-5. This shows that the hair cell of the semicircular 
canal detects neither pure angular velocity nor pure 
angular acceleration but, instead, detects a combina¬ 
tion of these two. Angular acceleration occurs at the 
onset of the rotation, and negative angular accelera¬ 
tion occurs when the rotation stops. Therefore, if the 
signal depicted only angular acceleration, there 
would be a positive spike at the onset and a negative 
spike at the offset, but the signal would be at baseline 
level at all other times. On the other hand, if the hair 
cell detected only angular velocity, there would be a 
positive signal of the same intensity during the entire 
period of rotation. Note that the actual record of Fig¬ 
ure 10-5 is a combination of these two types of rec¬ 
ords. 

Rate of Angular Acceleration Required to 
Stimulate the Semicircular Canals. The angular 
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acceleration required to stimulate the semicircular 
canals in the human being averages about 1 degree 
per second per second. In other words, when one 
begins to rotate, his velocity of rotation must be as 
much as 1 degree per second by the end of the first 
second, 2 degrees per second by the end of the sec¬ 
ond second, 3 degrees per second by the end of the 
third second, and so forth, in order for him barely to 
detect that his rate of rotation is increasing. 

“Predictive” Function of the Semicircular 
Canals in the Maintenance of Equilib¬ 
rium. Since the semicircular canals do not de¬ 
tect that the body is ofif balance in the forward 
direction, in the side direction, or in the back¬ 
ward direction, one might at first ask: What is 
the function of the semicircular canals in the 
maintenance of equilibrium? All they detect is 
that the person’s head is beginning to rotate or 
is stopping rotation in one direction or another. 
Therefore, the function of the semicircular ca¬ 
nals is not likely to be to maintain static equilib¬ 
rium or to maintain equilibrium during linear 
acceleration or when the person is exposed to 
steady centrifugal forces. Yet loss of function of 
the semicircular canals causes a person to have 
poor equilibrium, especially when he attempts 
to perform rapid and intricate body move¬ 
ments. 

We can explain the function of the semicircu¬ 
lar canals best by the following illustration. If a 
person is running forward rapidly, and then 
suddenly begins to turn to one side, he falls off 
balance a second or so later unless appropriate 
corrections are made ahead of time. But, unfor¬ 
tunately, the utricle cannot detect that he is off 
balance until after this has occurred. On the 
other hand, the semicircular canals will have 
already detected that the person is beginning to 
turn, and this information can easily apprise the 
central nervous system of the fact that the per¬ 
son will fall off balance within the next second 
or so unless some correction is made. In other 
words, the semicircular canal mechanism pre¬ 
dicts ahead of time that mal-equilibrium is going 
to occur even before it occurs and thereby 
causes the equilibrium centers to make appro¬ 
priate preventive adjustments. In this way, the 
person need not fall off balance before he begins 
to correct the situation. 

Removal of the flocculonodular lobes of the 
cerebellum prevents normal function of the 
semicircular canals but does not prevent normal 
function of the macular receptors. It is espe¬ 
cially interesting in this connection that the 
cerebellum serves as a “predictive” organ for 
most of the other rapid movements of the body 
as well as those having to do with equilibrium. 


These other functions of the cerebellum are dis¬ 
cussed in the following chapter. 

VESTIBULAR REFLEXES 

The Vestibular Phasic Postural Reflexes. Sud¬ 
den changes in the orientation of an animal in space 
elicits reflexes that help to maintain equilibrium and 
posture. For instance, if an animal is suddenly 
pushed to the right, even before he can fall more than 
a few degrees his right legs extend instantaneously. 
In other words, this mechanism anticipates that the 
animal will be off balance in a few seconds and makes 
appropriate adjustments to prevent this. 

Another type of vestibular phasic postural reflex 
occurs when the animal’s head suddenly falls down¬ 
ward. When this occurs, the forepaws extend for¬ 
ward, the extensor muscles tighten, and the muscles 
in the back of the neck stiffen to prevent the animal’s 
head from striking the ground. This reflex is probably 
also of importance in locomotion, for, in the case of 
the galloping horse, the downward thrust of the head 
could automatically provide reflex thrust of the 
forelimbs to move the animal forward for the next 
gallop. 

The Vestibular “Righting” Reflex and Equilib¬ 
rium. In the previous chapter it was pointed out 
that some of the crude motions required to move an 
animal from a lying to a standing position can be 
elicited by circuits in the spinal cord. However, these 
cord “righting” reflexes cannot perform the full func¬ 
tion of righting an animal to the upright position 
without signals from the brain stem. The static 
equilibrium organs, the maculae of the utricle and 
saccule, transmit impulses into the brain stem to ap¬ 
prise the nervous system of the status of the animal 
with respect to the pull of gravity, and, if the animal 
is in a lying position, these can elicit appropriate re¬ 
flexes from the vestibular and reticular nuclei to 
cause the animal to climb to his feet. This is called 
the vestibular righting reflex. 

This vestibular righting reflex requires neuronal 
centers in all parts of the brain stem up to as high as 
and including the mesencephalon. 


VESTIBULAR MECHANISM FOR 
STABILIZING THE EYES AND 
FOR NYSTAGMUS 

When a person changes his direction of movement 
rapidly, or even leans his head sideways, forward, or 
backward, it would be impossible for him to maintain 
a stable image on the retinae of his eyes unless he had 
some automatic control mechanism to stabilize the 
direction of gaze of the eyes. In addition, the eyes 
would be of little use in detecting an image unless 
they remained “fixed” on each object long enough to 
gain a clear image. Fortunately, each time the head is 
angulated, signals from the semicircular canals cause 
the eyes to angulate in an equal and opposite direc- 
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tion to the angulation of the head. This results from 
reflexes transmitted through the vestibular nuclei, 
the cerebellum, and the medial longitudinal fas¬ 
ciculus to the ocular nuclei. 

A special example of this stabilization of the eyes 
occurs when a person begins to rotate. At first the 
eyes remain glued to the object. But after the head 
has rotated far to one side, they jump suddenly in the 
direction of rotation of the head and “fix” on a new 
object; then they deviate slowly backward again as 
the rotation proceeds. This sudden jumping motion 
forward and then slow backward motion is known as 
nystagmus. The jumping motion is called the fast 
component of the nystagmus, and the slow move¬ 
ment is called the slow component. 

Nystagmus always occurs automatically when the 
semicircular canals are stimulated. For instance, if a 
person’s head begins to rotate to the right, backward 
movement of fluid in the left horizontal canal and 
forward movement in the right horizontal canal cause 
the eyes to move slowly to the left; thus, the slow 
component of nystagmus is initiated by the vestibular 
apparatuses. But, when the eyes have moved as far 
to the left as they reasonably can, centers located in 
the brain stem in close approximation with the nuclei 
of the abducens nerves cause the eyes to jump sud¬ 
denly to the right; then the vestibular apparatuses 
take over once more to move the eyes again slowly to 
the left. 

CLINICAL TESTS FOR INTEGRITY OF 
VESTIBULAR FUNCTION 

Balancing Test. One of the simplest clinical tests 
for integrity of the equilibrium mechanism is to have 
the individual stand perfectly still with his eyes 
closed. If he no longer has a functioning static 
equilibrium system of the utricles, he will waiver to 
one side or the other and possibly even fall. How¬ 
ever, as noted below, some of the proprioceptive 
mechanisms of equilibrium are occasionally 
sufficiently well developed to maintain balance even 
with the eyes closed. 

Barany Test. A second test that is frequently 
performed determines the integrity of the semicircu¬ 
lar canals. In this instance the individual is placed in 
a “Barany chair” and rotated rapidly while he places 
his head respectively in various planes—first for¬ 
ward, then angulated to one side or the other. By 
such positioning, each pair of semicircular canals is 
successively placed in the horizontal plane of rota¬ 
tion. When the rotation of the chair is stopped sud¬ 
denly, the endolymph, because of its momentum, 
continues to rotate in the pair of semicircular canals 
that has been placed in the horizontal plane, this flow 
of endolymph causing the cupula to bend in the direc¬ 
tion of rotation. As a result, nystagmus occurs, with 
the slow component in the direction of rotation and 
the fast component in the opposite direction. Also, as 
long as the nystagmus lasts (about 15 to 20 seconds) 
the individual has the sensation that he is rotating in 


the direction opposite to that in which he was actu¬ 
ally rotated in the chair. Obviously, this test checks 
the semicircular canals on both sides of the head at 
the same time. 

Ice Water Test. A clinical test for testing one 
vestibular apparatus separately from the other de¬ 
pends on placing ice water in one ear. The external 
semicircular canal lies adjacent to the ear, and cool¬ 
ing the ear can transfer a sufficient amount of heat 
from this canal to cool the endolymph. This increases 
the density of the endolymph, thereby causing it to 
sink downward and resulting in slight movement of 
fluid around the semicircular canal. This stimulates 
the canal, giving the individual a sensation of rotating 
and also initiating nystagmus. From these two 
findings one can determine whether the respective 
semicircular canals are functioning properly. When 
the semicircular canals are normal, the utricles and 
saccules are usually normal also, for disease usually 
destroys the function of all of these components at 
the same time. 

OTHER FACTORS CONCERNED WITH 
EQUILIBRIUM 

The Neck Proprioceptors. The vestibular ap¬ 
paratus detects the orientation and movements only 
of the head. Therefore, it is essential that the nervous 
centers also receive appropriate information depict¬ 
ing the orientation of the head with respect to the 
body as well as the orientation of the different parts 
of the body with respect to each other. This informa¬ 
tion is transmitted from the proprioceptors of the 
neck and body both directly into the reticular nuclei 
of the brain stem and indirectly by way of the cere¬ 
bellum and thence into the reticular nuclei. 

By far the most important proprioceptive informa¬ 
tion needed for the maintenance of equilibrium is that 
derived from the joint receptors of the neck, for this 
apprises the nervous system of the orientation of the 
head with respect to the body. When the head is bent 
in one direction or the other, impulses from the neck 
proprioceptors keep the vestibular apparatuses from 
giving the person a sense of mal-equilibrium. They do 
this by transmitting signals that exactly oppose the 
signals transmitted from the vestibular apparatuses. 
However, when the entire body is changed to a new 
position with respect to gravity, the impulses from 
the vestibular apparatuses are not opposed by the 
neck proprioceptors; therefore, the person in this in¬ 
stance does perceive a change in equilibrium status. 

The Neck Reflexes. In an animal whose vestibular 
apparatuses have been destroyed, bending the neck 
causes immediate muscular reflexes called neck re¬ 
flexes occurring especially in the forelimbs. For in¬ 
stance, bending the head forward causes both 
forelimbs to relax. However, when the vestibular ap¬ 
paratuses are intact, this effect does not occur be¬ 
cause the vestibular reflexes function almost exactly 
oppositely to the neck reflexes. Thus, if the head is 
flexed downward, the vestibular reflex tends to ex- 
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tend the forelimbs, while the neck reflexes tend to 
relax them. Since the equilibrium of the entire body 
and not of the head alone must be maintained, it is 
easy to understand that the vestibular and neck re¬ 
flexes must function oppositely. Otherwise, each 
time the neck should bend, the animal would im¬ 
mediately fall off balance. 

Proprioceptive and Exteroceptive Information 
from Other Parts of the Body. Proprioceptive in¬ 
formation from other parts of the body besides the 
neck is also necessary for maintenance of equilibrium 
because appropriate equilibrium adjustments must be 
made whenever the body is angulated in the chest or 
abdomen region or elsewhere. Presumably, all this 
information is algebraically added in the cerebellum 
and reticular substance of the brain stem, thus caus¬ 
ing appropriate adjustments in the postural muscles. 

Also important in the maintenance of equilibrium 
are several types of exteroceptive sensations. For 
instance, pressure sensations from the footpads can 
tell one (a) whether his weight is distributed equally 
between his two feet and (b) whether his weight is 
more forward or backward on his feet. 

Another instance in which exteroceptive informa¬ 
tion is necessary for maintenance of equilibrium oc¬ 
curs when a person is running. The air pressure 
against the front of his body signals that a force is 
opposing the body in a direction different from that 
caused by gravitational pull; as a result, the person 
leans forward to oppose this. 

Importance of Visual Information in the 
Maintenance of Equilibrium. After complete de¬ 
struction of the vestibular apparatuses, and even 
after loss of most proprioceptive information from 
the body, a person can still use his visual 
mechanisms effectively for maintaining equilibrium. 
Visual images help the person maintain equilibrium 
simply by visual detection of the upright stance. 
Also, slight linear or angular movement of the body 
instantaneously shifts the visual images on the retina, 
and this information is relayed to the equilibrium cen¬ 
ters. In this respect the optic information is similar to 
that from the semicircular canals and can help the 
equilibrium centers predict that the person will fall 
off balance before this actually occurs if appropriate 
adjustments are not immediately made. Many per¬ 
sons with complete destruction of the vestibular ap¬ 
paratus have almost normal equilibrium as long as 
their eyes are open and as long as they perform all 
motions slowly. But, when moving rapidly or when 
the eyes are closed, equilibrium is immediately lost. 

Conscious Perception of Equilibrium. A corti¬ 
cal center for conscious perception of the state of 
equilibrium is believed to lie in the upper portion of 
the temporal lobe in close association with the pri¬ 
mary cortical area for hearing. The sensations from 
the vestibular apparatuses, from the neck pro¬ 
prioceptors, and from most of the other propriocep¬ 
tors are probably first integrated in the equilibrium 
centers of the brain stem before being transmitted to 
the cerebral cortex. Various pathologic processes in 
the vestibular apparatuses or in the vestibular 


neuronal circuits often affect the equilibrium sensa¬ 
tions. Thus, loss of one or both flocculonodular lobes 
or one of both fastigial nuclei of the cerebellum gives 
the person a sensation of constant mal-equilibrium, 
or at least this feeling lingers for the first few weeks 
or months after the loss. This probably results be¬ 
cause impulses from these cerebellar areas are nor¬ 
mally integrated into the subconscious sense of 
equilibrium by the reticular nuclei even before 
equilibrium information is sent to the cerebral cortex. 


FUNCTIONS OF THE RETICULAR 
FORMATION AND SPECIFIC 
BRAIN STEM NUCLEI IN 
CONTROLLING SUBCONSCIOUS, 
STEREOTYPED MOVEMENTS 

Rarely, a child called an anencephalic monster is 
born without brain structures above the mesence¬ 
phalic region, and some of these children have been 
kept alive for many months. Such a child is able to 
perform essentially all the functions of feeding, such 
as suckling, extrusion of unpleasant food from the 
mouth, and moving his hands to his mouth to suck his 
fingers. In addition, he can yawn and stretch. He can 
cry and follow objects with his eyes and by move¬ 
ments of his head. Also, placing pressure on the 
upper anterior parts of his legs will cause him to pull 
to the sitting position. 

Therefore, it is obvious that many of the ster¬ 
eotyped motor functions of the human being are in¬ 
tegrated in the brain stem. Unfortunately, the loci of 
most of these different motor control systems have 
not been found except for the following: 

Stereotyped Body Movements. Most move¬ 
ments of the trunk and head can be classified into 
Several simple movements, such as forward flexion." 

extension, rotation, and turning movements of the 

Tntire poq v. i'hese types of movements are con¬ 
trolled by special nuclei located mainly in the 
mesencephalic and lower diencephalic region. For 
instance, rotational movements of the head and eyes 
are controlled by the interstitial nucleus, which is 
illustrated in Figure 10-1. This nucleus lies in close 
approximation to the medial longitudinal fasciculus, 
through which it transmits a major portion of its con¬ 
trol impulses. The raising movements of the head and 
body are controlled by the prestitial nucleus, which 
is located approximately at the juncture of the 
diencephalon and mesencephalon. On the other 
hand, the flexing movements of the head and body 
are controlled by the nucleus precommissuralis lo¬ 
cated at the level of the posterior commissure. Fi¬ 
nally, the turning movements of the entire body, 
which are much more complicated, involve both the 
pontile and mesencephalic reticular formation. How¬ 
ever, for full expression of the turning movements, 
the caudate nucleus and the cingulate gyrus of the 
cerebral cortex are also required. The turning move- 








MOTOR FUNCTIONS OF THE BRAIN STEM AND BASAL GANGLIA 


149 


ments can cause an animal or person to continue 
circling around and around in one direction or the 
other. 

Function of the Red Nucleus. The red nucleus is, 
r,r>rr)nn<;p H nf tu/ o_ distinct Darts, the masnocellula r 
portion and 2 i small celliilar portion . 

As illustrated in Figure 10-6, the magnocellular 
nuclei receive impulses both from the caudate nu¬ 
cleus and the putamen as well as from the prestitial 
nucleus and the nucleus commissiiralis. In turn it 
transmits signals by way of the rubrospinal tract into 
the spinal cord and by way of collaterals from the 
rubrospinal tract into the reticular nuclei of the brain 
stem. Stimulation of this portion of the red nucleus 
causes the head and upper trunk to extend backward. 
Thus, this portion of the red nucleus enters into a 
particular type of gross body movement concerned 
with forward and backward deviation of the body 
axis. 

The small cells of the red nucleus are excited prin¬ 
cipally by impulses from the cerebellum through the 
cerebellorubral tracts. In turn, they send impulses 
mainly into the reticular formation of the brain stem. 
These tracts are part of the overall cerebellar 
mechanism for control of motor function, which will 
be discussed in the following chapter. 

Function of the Subthalamic Areas—Forward 
Progression. Much less is known about function of 
higher brain stem centers in posture and locomotion 
than of the lower centers, principally because of the 
complexity of the neuronal connections. However, it 
is known that stimulation of centers in or around the 
subthalamic nuclei can cause rhythmic motions, in¬ 
cluding crude forward walking reflexes. This does 



Figure 10-6. Pathways through the basal ganglia and 
related structures of brain stem, the thalamus, and cere¬ 
bral cortex. (From Jung and Hassler: Handbook of 
Physiology, Sec. I, Vol. II, The Williams & Wilkins Co., 
I960,) 


not mean that the individual muscles of walking are 
necessarily controlled from this reg ion but simply 

that excitation of this region exciles Ihe appropriate 

patterns of action in the brain stem and cord to cause 
the walking movements. 

A cat witn Its Drain transected beneath the 
thalamus but above the subthalamus can walk in an 
almost completely normal fashion—so much so that 
the observer cannot tell the difference. However, 
when the animal comes to an obstruction it simply 
butts its head against the obstruction and tries to 
keep on walking. Thus, it lacks purposefulness of 
locomotion. 

The function of the subthalamic region in walking 
is frequently described as that of coniroWmg forward 
progression. In the foregoing discussions we have 
already noted that a decerebrate animal can stand 
perfectly well and that it can make attempts to right 
itself from the lying position. Unfortunately, though, 
the decerebrate animal, with the brain stem sectioned 
below the subthalamus cannot force itself to move 
forward in a normal walking pattern. This seems to 
be the function of areas either in or somewhere close 
to the subthalamic nuclei. 

MOTOR FUNCTIONS OF THE 
BASAL GANGLIA 

Physiologic Anatomy of the Basal Ganglia. The 

anatomy of the basal ganglia is so complex and is so 
poorly known in its details that it would be pointless 
to attempt a complete description at this time. How¬ 
ever, Figure 10-6 illustrates the principal structures 
of the basal ganglia and their neural connections with 
other parts of the nervous system. Anatomically, the 
basal ga nglia ar e the caudate nucleus, putame n. 

slobiis pallidus, amygdaloid nucleus, ?in(Xclaustrum . 

The amygdaloid nucleus, wnich will be discussed m 

Chapter 57, and the claustrum are not concerned di¬ 
rectly with motor functions of the central nervous 
system. On the other hand, the thalamus, sub - 
thalamus. substantia nicr a. 2 mdr ed alLoper - 

ate m close association with the caudate nucleus. 

putam e n, and globus pallidus and are considered to 

Fe part or me oasai ganglia system foilhiotor control^ 

Slome important Features ot tne ditierent pathways 

illustrated in Figure 10-6 are the following: 

1. Numerous nerve pathways pass from the motor 
portions of the cerebral cortex, particularly the so- 
called premotor areas, to the ca udate n ucleus and 
putamen. which together are called the striate body. 

In turn, the caudate nucleus and putamen send 

numerous fibers to the globus pallidus, the globus 
pallidus to the ventroanterior nucleus of the 
thalamus, and this nucleus back to the motor areas of 
the cerebral cortex. Thus, circular pathways are es.- 
tablished from the motor cortical re gions to the basa l 

ganglia, the thal amus, an d back t o the same motoj 

regions from which the pathway s be,£m. These cir - 

cifi.ts -Qb_vioiislv could operate as a teefl^^rk system 
of the servo control type, wj)l be di.'SA^JSSpd later. 
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2. In the following chapter it will be noted that 
signals also pass from the motor regions of the cere¬ 
bral cortex to the pons and then into the cerebellum. 
In turn, signals from the cerebellum are transmitted 
back to the motor cortex by way of the ventrolateral 
nucleus of the thalamus, a nucleus closely associated 
with the ventroanterior thalamic nucleus through 
which the basal ganglial signals are transmitted. This 
circuit could allow integration between the basal 
ganglial feedback signals and the feedback signals 
from the cerebellum. 

3. The basal ganglia have numerous short neu¬ 
ronal connections among themselves. Also, the 
lower basal ganglia, such as the globus pallidus, send 
tremendous numbers of nerve fibers into the lower 
brain stem, projecting especially onto the reticular 
nuclei, the red nucleus, and the inferior olive. It i^ 
presumably throu gh these pathway s that many of the 

so-called extrapvr^ fnjfjfl] ^igna|^^r,_motnr__r_nntrn| 
fr^ psmitted, 

4. Large numbers of nerve fibers pass directly 
from the motor cortex to the reticular nuclei and 
other nuclei of the brain stem. These by-pass the 
basal ganglia but converge on the same brain stem 
nuclei that are innervated by the basal ganglia. 


FUNCTIONS OF THE DIFFERENT BASAL 
GANGLIA 

Before attempting to discuss the functions of 
the basal ganglia in man, we should speak 
briefly of the better known functions of these 
ganglia in lower animals. In birds, for instance. 
t he cerebral cortex is poorly developed while 
t he basal ganglia ye hiuhlv developed. These 
eandia perfuiim cssentinllv .■■ll ih.'juTtnr tuner’ 

tions, even controlling the voluntary move¬ 
ments in much the same manner that the motor 
cortex of the human being controls voluntary 
movements, f urthermore, in the cat, and to a 
lesser extent in the dog, decortication remove s 
only the discrete types of motor functions and 

does not interfere with the animal’s ability to 

walk, eat, fight, develop rage, have periodic 

s leep and wakefulness, and even particip^ 
naturally in sexual activities, kowever, if a 
major portion ot tne basal ganglia is destroyed, 

only gross stereotyped movements remain, 

which were discussed above in relation to the 

mesencephalic animal. 

Finally, in the human being, decortication of 
very young individuals destroys the discret e 
moveme nts of the body, particularly ot the 
hands and distal portions ot the lower lirribs. hut 

does not destroy the person’s ability to walk 
crudely, to control his eQuilibrium. or to in ¬ 

form many other sub consc ious types of move-, 
ments. FLowever, simultaneous destruction of a 


major pordon of th e, caudate nuclei almost to ¬ 
tally paralyzes the opposite side of the body 
except for a few stereotyped reflexes integrntedT 
in the cord or brain stem. 

With this brief background of the overall 
function of the basal ganglia, we can attempt to 
dissect the functions of the individual portions 
of the basal ganglia system, realizing that the 
system actually operates as a total unit and thaf 
individual functions cannot be ascribe d com¬ 
pletely to the ditterent parts ot the basal garg ia. ~ 

Inhibition of Motor Tone by the Basal Gafir- ^ 
glia. Though it is wrong to ascribe a single 
function to all the basal ganglia, nevertheless, 
one of th e general effects of diffuse basal gan¬ 
glia excitation is to inhibit muscle tone through¬ 
out the body. This ettect results from inhibitory 
signals transmitted trom the basal gangli a to the 

bulboreticular facilitatory area and excitatory 

s ignals to the buiporeticuiar mnibitory area. 

Therefore, whenever widespread destruction of 
the basal ganglia occurs, the facilitatory area 
becomes overactive and the inhibitory area un¬ 
deractive, and this causes muscle rigidity 
throughout the body. For instance, when the 
brain stem is transected at the mesencephalic 
level, which removes the inhibitory effects of 
the basal ganglia, the phenomenon of decere¬ 
brate rigidity occurs. 

Yet, despite this general inhibitory effect of 
the basal ganglia, stimulation of specific areas 
within the basal ganglia can at times elicit posi¬ 
tive muscle contractions and at times even 
complex patterns of movements. 

Function of the Caudate Nucleus and 
Putamen—The Striate Body. The caud ate 
nucleus and putamen, because ofMneir gro^ 
"SppOTtllTCS"oh sections of the brain, are to¬ 
gether called the striate body. They seem to 
function togetner to imttcrtc and regulate grosT 
intentional movements of the bod y, lo perforrn 
this tunctidn they transmit impulses through 
two different pathways: Hf into the globus nnU 
lidus, the nce by way of the thalamus to the 
cerebral cortex, and finally downward into the 

spmai cord through the corticospinal and ex- 

[racorticospinal pathways : (2) dowTiwnro 
t hrough the elobu s.jialUdi^^x\d the s iLhstantia^ 
nipra by way of sh ort axop.s_intQ_the rptiminr 
formation and finally into the spinal cord mainly 
t hrough t he reJiculnspinnl trnrf^ 

In summary, the striate body helps to control 
gross intentional movements that we normal ly 
perform unconsciousl y. However. this^ontroT^ 
ako involves: th^ piotor cortex, with which the 
s triate body is very closely connected. ^ 
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Function of the Globus Pallidus. It has 

been suggested that the principal function of the 
globus pallidus is to provide background musc le 
tone ror intended movements, whether thesel^ 

initiated bv impulses from the cerebral cortex or 

From the striate body. That is, if a wNhpg 

to^oerform an exact fun cti on with t)p|nrL hp 
positions his body and llhnns and 

also tenses the miisr.les of t he iinn ^r 
associated tonic contractions are supposedly in¬ 
itiated by a circuit that strongly involves the 
globus pallidus. Destruction of the globus pal¬ 
lidus removes these associated movements and, 
therefore, makes it difficult or impossible for 
the distal portions of the limbs to perform their 
more discrete activities. 

The globus pallidus is believed to function 
through two pathways: first, through feedback 
circuits to the thalamus, to the cerebral cortex, 
afld Lh^ce by way of cortico^Tnal and ex- 
t racorticospinal tracts to tne spinal cord: and*^ 

second, by w ay of short axon <i fn the r eticulRr 
formation of the brain stem and thence main ly 

hv wav of the reticulospinal tracts into tlie "sp i¬ 

nal cord. 

Electrical stimulation of the globus pallidus 
while an animal is performing a gross body 
movement will often stop the movement in a 
static position, the animal holding that position 
for many seconds while the stimulation con¬ 
tinues. This fits with the concept that the globus 
pallidus is involved in some type of servo feed¬ 
b ack motor control system that is capable o f 
l ocking the different parts of the body into 
s pecific positio ns. Obviously, such a circuit 
could be extremely important in providing the 
background body movements and upper limb 
movements when a person performs delicate 
tasks with his hands. 


CLINICAL SYNDROMES RESULTING 
FROM DAMAGE TO THE BASAL 
GANGLIA 

Much of what we know about the function of the 
basal ganglia comes from study of patients with basal 
ganglia lesions whose brains have undergone path¬ 
ologic studies after death. Among the different clini¬ 
cal syndromes are: 

Chorea. Chorea is a disease in which random un¬ 
controlled contractions of different muscle groups of 
the body occur continuously. Normal progression of 
movements cannot occur; instead, the person may 
perform a normal pattern of movements for a few 
seconds and then suddenly begin another pattern of 
movements; then still another pattern begins after a 
few seconds. Because of this peculiar progression of 


movements, one type of chorea is frequently called 
St. Vitus’ dance. 

Pathologically, chorea results from diffuse and 
widespread damage of the striate body, but the man¬ 
ner in which this causes the choreiform movements is 
not known. 

Athetosis. In this disease, slow, writhing move¬ 
ments of the peripheral parts of one or more limbs— 
usually upper—occur continually. The movements 
are likely to be wormlike, first with overextension of 
the hands and fingers, then flexion, then rotary twist¬ 
ing to the side—all these continuing in a slow, 
rhythmic, writhing pattern. The contracting muscles 
exhibit a high degree of spasm, and the movements 
are enhanced by emotions or by excessive signals 
from the sensory organs. Furthermore, voluntary 
movements in the affected area are greatly impaired 
or sometimes even impossible. 

The damage in athetosis is usually found in the 
outer portion of the globns pallidus or in this area and 
the striate body. Athetosis is usually attributed to the 
interruption of feedback circuits among the basal 
ganglia, thalamus, and cerebral cortex. The normal 
feedback circuits presumably allow a constant and 
rapid interplay between antagonistic muscle groups 
so that finely controlled movements can take place. 
However, if the feedback circuits are blocked, it is 
supposed that the detouring impulses may take devi¬ 
ous routes through the basal ganglia, thalamus, and 
motor cortex, causing a succession of abnormal 
movements. 

Hemiballismus. Hemiballismus is an uncontrol¬ 
lable succession of violent movements of large areas 
of the body. These may occur once every few sec¬ 
onds or sometimes only once in many minutes. For 
instance, an entire leg might suddenly jerk uncon¬ 
trollably to full flexion, or the entire trunk might go 
through an extreme, sudden torsion movement, or an 
arm might be pulled upward suddenly with great 
force. Hemiballismus of the legs or trunk causes the 
person to fall to the ground if he is walking, and even 
when the person is in bed, he tosses violently when 
affected by these powerful and strong intermittent 
movements. Furthermore, attempts to perform vol¬ 
untary movements frequently invoke ballistic move¬ 
ments in place of the normal movements. 

Hemiballismus of one side of the body results from 
a large lesion in the opposite subthalamus. The 
smooth, rhythmic movements of the limbs or other 
parts of the body normally integrated in this area can 
no longer occur, but excitatory impulses attempting 
to evoke such movements elicit instead uncontrolla¬ 
ble ballistic movements. 

Parkinson’s Disease. Parkinson’s disease, which 
is also known as paralysis agitans, results almost 
invariably from widespread destruction of the sub¬ 
stantia nigra, often associated with lesions of the 
globus pallidus and other related areas. It is charac¬ 
terized by (1) rigidity of the musculature in either 
widespread areas of the body or in isolated areas, (2) 
tremor at rest of the involved areas in most but not all 
instances, and (3) loss of involuntary and associated 
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movements, called “akinesia.” Also, there may be 
enhancement of salivation, sweating, and seborrheic 
secretion. 

The rigidity in this disease is quite different from 
that which occurs in decerebrate rigidity, for decere¬ 
brate rigidity results from hyperactivity of the muscle 
spindle system, and even slight movement of a mus¬ 
cle is met with rather extreme reflex resistance result¬ 
ing from feedback through the stretch reflex 
mechanism. Parkinsonian rigidity, on the other hand, 
is of a “plastic” type. That is, sudden movement is 
not met by intense resistance from the stretch re¬ 
flexes as in the decerebrate type of rigidity, but in¬ 
stead both protagonist and antagonist muscles re¬ 
main tightly contracted throughout the movement. 
Furthermore, the rigidity of Parkinson’s disease 
seems to result from excess impulses transmitted in 
the corticospinal system, thus activating the alpha 
motor fibers to the muscles, whereas decerebrate 
rigidity results from excess activation of the gamma 
efferents to the muscle spindles. 

Tremor usually, though not always, occurs in Par¬ 
kinson’s disease. Its frequency normally is 4 to 6 
cycles per second. When the person performs volun¬ 
tary movements, weak tremors become temporarily 
blocked, possibly because cortical signals to the spi¬ 
nal cord excite the gamma efferent fibers to the mus¬ 
cle spindles at the same time that they excite the 
alpha fibers; the gamma stimulation sensitizes the 
muscle spindles which theoretically could then damp 
out the tremor. 

The mechanism of the tremor in Parkinson’s dis¬ 
ease is not known, but at least two different theories 
must be considered: (1) Loss of inhibitory influences 
from the substantia nigra or globus pallidus allows 
the control nuclei of antagonistic muscles in the re¬ 
ticular substance of the brain stem to oscillate. (2) 
Lack of inhibitory impulses in the lower basal ganglia 
enhances feedback in the globus pallidus-thalamus- 
cortical circuit, causing it to oscillate. 

Another abnormality of Parkinson’s disease is a 
high degree of “motor stiffness” and loss of au¬ 
tomatisms (akinesia). When a person begins to per¬ 
form a discrete voluntary movement with his hands, 
the automatic “associated” adjustments of the trunk 
of his body and the upper arm segments do not occur. 
Instead, he must voluntarily adjust these segments 
before he can use his hands. Furthermore, a tre¬ 
mendous amount of nervous effort must be made by 
the voluntary motor control system to overcome the 
motor stiffness of his musculature. Thus, the person 
with Parkinson’s disease has a masklike face, show¬ 
ing almost no automatic, emotional facial ex¬ 
pressions; he is usually bent forward because of his 
muscle rigidity, and all his movements of necessity 
are highly deliberate rather than the many casual 
subconscious movements that are normally a part of 
our everyday life. This loss of automatisms is be¬ 
lieved to result from diminished transmission of sig¬ 
nals into the globus pallidus and other basal ganglia 
from the substantia nigra. Most of the pathways from 
the substantia nigra to these areas are inhibitory, and 


when they are absent the globus pallidus and other 
basal ganglia become excessively active, leading to 
rigidity of the muscles that are usually responsible for 
the automatisms. Thus, as the automatisms are lost 
they are replaced by rigidity. 

Treatment with L-Dopa and Anticholinergic 
Drugs. Administration of L-dopa to patients with 
Parkinson’s disease ameliorates most of the 
symptoms, especially the rigidity and the akinesia, in 
about two-thirds of the patients. The reason for this 
seems to be the following: The neurons that originate 
in the substantia nigra and then project to the globus 
pallidus and striate body are inhibitory neurons 
whose terminals probably secrete dopamine, a deriv¬ 
ative of L-dopa. When the substantia nigra is de¬ 
stroyed and thej3erson develops Parkinson’s disease, 
the administered L-dopa is believed to substitute for 
the dopamine no longer secreted by the destroyed 
neurons. This causes more or less normal inhibition 
of the basal ganglia and relieves much or most of the 
akinesia and rigidity. 

The same basal ganglia that are inhibited by 
dopamine seem to be excited by other nerve termi¬ 
nals derived elsewhere; these terminals probably 
secrete acetylcholine. Therefore, as would be ex¬ 
pected, administration of anticholinergic drugs such 
as scopolamine can also benefit the parkinsonian pa¬ 
tient. 

Coagulation of the Ventrolateral Nucleus of the 
Thalamus for Treatment of Parkinson’s Dis¬ 
ease. In recent years neurosurgeons have treated 
Parkinson’s disease patients, with varying success, 
by destroying portions of the basal ganglia or of the 
thalamus. The most prevalent treatment at present is 
widespread destruction of the ventrolateral nucleus 
of the thalamus usually by electrocoagulation. Most 
fiber pathways from the basal ganglia and cerebellum 
to the cerebral cortex pass through this nucleus so 
that its destruction blocks many or most of the feed¬ 
back functions of the basal ganglia and cerebellum. It 
is presumed that blockage of some of these feedbacks 
limits the functions of at least certain basal ganglia 
and thereby removes the factors that cause the rigid¬ 
ity and tremor of Parkinson’s disease. 

FUNCTIONS OF THE CEREBRAL 
CORTEX IN POSTURE 
AND LOCOMOTION- 
PURPOSEFULNESS OF 
LOCOMOTION 

The nrincinal f unction of the c erebral cortex in 
locomotion is to add purDnspfuhips ;^ tr> th^ 

Ucm , as illustrated above bv the subthalamic cat that 
would not go around an obstruction but would simply 
butt its head Against the obstruction and continue its 
attempts to move forward. Such an effect obviously 
would not occur in an animal with a cerebral cortex. 
However, in addition to the purnose fii1ne_<;Ls gfided b y 
cortical tlinction, several postural and righting re- 
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flexes are also integrated in the cortex. Thes£_mcli]df^ 
the visual rwhtins refjex, certain py - 

terocept ive rishtins refiexes_,_i b^ nlacinv rfnctirnu 

and the honnin9 reaction. 

The Visual and Exteroceptive Righting Reflex¬ 
es. The visual righting reflexes depend on function 
of the visual cortex. That is, an animal can tell by 
images from the periphery whether his body is in the 
appropriate position with respect to its surroundings. 
From this information, he can raise himself from the 
lying position to the standing position even in the 
absence of the vestibular righting reflexes. 

Similarly, the animal’s sensory and motor cortex 
causes righting in response to exteroceptive informa¬ 
tion that is transmitted into the cerebrum. It has been 
pointed out that sensations from the skin can cause 
crude righting responses even in the spinal animal 
and even much better responses in the decerebrate 
animal. However, for full expression of the ex¬ 
teroceptive righting reflexes, the cerebral cortex is 
also required. 

The Placing Reaction. A blindfolded animal held 
in the air and then brought in contact with a surface 
so that almost any part of his body makes contact 
with the surface immediately brings his paws toward 
the point of contact, thus placing his feet in an advan¬ 
tageous position to gain support. This is called the 
placing reaction. Though a weak expression of the 
placing reaction can occur even in animals without 
the cerebral cortex, here again the complete reaction 
can occur only when the cortex is available to pro¬ 
vide stereognostic orientation of the different parts of 
the body in relation to each other, thus allowing the 
animal to “know” where his feet need to be moved in 
order to make appropriate contact. 

The Hopping Reaction, The hopping reaction is 
another reaction that requires the cerebral cortex for 
full attainment. This reaction probably results mainly 
from direct transmission of proprioceptive and ves¬ 
tibular information to the motor cortex to cause the 
hopping. 

SUMMARY OF THE DIFFERENT 
FUNCTIONS OF THE CENTRAL 
NERVOUS SYSTEM IN POSTURE 
AND LOCOMOTION 

From the discussions in the previous chapter, 
we could see that almost all of the discrete “pat ¬ 
terns” of muscle movement required for po s- 
Ture and locomotion can be elicited by the sp i- 
naPcord alone. However, co ordination of thes e 
iatterns to^provide ^uilibriumT progressi^n, 
purposefulness oT^movement require s 

neuronal tunction at progressively higher leve ls 

_^of the central nervous syste m. C enters in the 
brain^fem provide most ot thenervous energy 
required to maintain postural tone and therefore 
to support the body against gravity. But, in ad¬ 


dition, the brain stem centers provide especiall y 
the equilibrium reflexes . Then moving still 
higher we find a control center for ‘"pro¬ 
gression” in the__sub-tlia l amie _r_egio n., a center 
that makes the animal move forward in a normal 
rhythmic pattern of walking and also in a 
straight line. Even so, this animal still does not 
have purposefulness in his motion. For this the 
basal gmig lia. the th^amus. _ and_the cerel??^ 
cortex are required. 

With this background, we can now describe 
the characteristics of animals with transections 
through their nervous systems at the different 
levels shown in Figure 10-7. 

The Spinal Animal. In the spinal animal, the 
flexor reflex, the crossed extensor reflex, the stretch 
reflex, and the reflexes that control the basic rhythm 
and pattern of locomotion are intact after the stage of 
spinal shock is over. Furthermore, under the most 
favorable conditions the animal can even stand for a 
few seconds because of the positive supportive reac¬ 
tion. 

Transection of the Medulla Below the Vestibular 
Nuclei. If the medulla is cut below the vestibular 
nuclei, the lower portion of the reticular substance of 
the brain stem will be intact; this, if anything, trans¬ 
mits inhibitory impulses into the spinal cord. There¬ 
fore, few cord reflexes can be elicited, and the animal 
certainly cannot stand. 

Transection of the Brain Stem Above the Ves¬ 
tibular Nuclei. If the brain stem is transected 
above the vestibular nuclei, the vestibular nuclei and 
the upper reticular substance of the brain stem 
transmit facilitatory impulses into the spinal cord and 
actually provide far more facilitation than normal. If 



Figure 10-7. Levels of transection in the brain, the de¬ 
scriptions of which are given in the text. 
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the transection is well above the vestibular nuclei, 
sufficient postural tone can be attained for the animal 
to stand for minutes at a time. 

The Classical Decerebrate Animal—Decerebrate 
Rigidity. The classical decerebrate animal has a 
transection between the superior and the inferior col¬ 
liculi. In this animal the inhibitory signals from the 
basal ganglia and cerebral cortex to the reticular 
facilitatory area are removed, which allows the bul- 
boreticular facilitatory area to become intrinsically 
very active, as explained earlier in the chapter. Im¬ 
pulses are transmitted downward to cause muscle 
rigidity called decerebrate rigidity. Especially the ex¬ 
tensor muscles, but to some extent the flexor muscles 
as well, are maintained in a state of strong tonic con¬ 
traction. The animal can occasionally stand, support¬ 
ing its body against gravity. It also can make crude 
equilibrium adjustments; but for full expression of 
equilibrium, it needs a completely intact mesen¬ 
cephalon. 

A major part of the i ncreased postural tone in de- 
cefebrate rigidity results fl'blfl ^lUnuiaiion ot tne 
g amma activating system ot the muscle sniti()ies^x\ 6. 
not from direct ac tivation of the alpha motor 
neurons. 

I'he Subthalamic Animal. With the transection 
above the superior colliculi, preserving the sub¬ 
thalamus as well as adjacent regions of the brain 
stem, the animal has less rigidity and is capable of 
walking with normal progression. 

The Decorticate Animal. In a decorticate animal 
the cortex has been removed but the thalamus and 
basal ganglia are still intact. The capabilities of this 
type of animal depend on its degree of cerebral de¬ 
velopment. The cat, for instance, is capable of almost 
any type of motion, even to the extent of going 
around obstructions in his way, but, on the other 
hand, he still lacks much of the purposefulness of 
locomotion and frequently sits very still for hours at a 
time. T he human being loses essentially all purpose¬ 
ful or voluntary motor functions on decortication. 


FUNCTION OF THE CORD AND 
BRAIN STEM REFLEXES IN MAN 

Though the foregoing discussions have concerned 
principally reflexes in animals rather than in man, the 
same principles of cord and brain stem function apply 
almost as well to man. Yet there are quantitative dif¬ 
ferences that must always be remembered. 

First, man walks in an upright position and his 
limbs have become straightened to the point that al¬ 
most no muscular strength is required to maintain the 
weight of the body against gravity. For instance, the 
direct line between the center of mass of the body 
and the direction of gravitational pull runs slightly 
behind the axes of the hip joints so that gravity tends 
to extend the hips and so that the ligaments of the hip 
joints, rather than the muscles, support the body 
against gravity. Likewise, the line of gravitational 


pull runs slightly in front of the mid-position of the 
knee joints and well in front of the ankle joints. Here 
again, it is mainly tension in the ligaments and uncon¬ 
tracted muscles that maintains the weight of the body 
against gravity rather than postural tone. 

Therefore, in man, contraction of postural muscles 
occurs principally to maintain equilibrium rather than' 

to support the body against gravity . Yet, if man as¬ 

sumes an animal-like position, postural tone serves 
essentially the same functions as in lower animals. 

In man with a spinal cord transection, most of the 
same reflexes as those that occur in lower animals 
can be elicited either wholly or partially. The only 
re flf^xesi thal-nften cannot he elicited in spinal ma n 
ar e the rhythmic reflexe s; yet the reciprocal innerva- 
f Ton that is required tor rhythmic retiexes can 
demonstrated . For instance, movement of an arm in 
one direction often causes simultaneous and direc¬ 
tionally similar movement of the opposite leg, thus 
illustrating that appropriate reciprocal innervation is 
still present in the cord of man to cause at least crude 
types of diagonal movements necessary for the mark 
time reflex. 

Also, stimulation in the subthalamic region in man 
causes rhythmic walking movements similar to those 
that occur in animals, illustrating that this same re¬ 
gion of the brain subserves similar functions in man 
as in lower animals. However, a man who has lost 
large portions of the motor areas of his cortex cannot 
use these lower regions of the brain stem effectively 
enough actually to provide locomotion. This is a 
manifestation of the process called encephalization 
that has occurred in higher orders of animals, which 
suppresses many functions of the lower centers while 
the same functions are taken over, usually in a more 
complicated manner, by the higher centers. Thus, in 
man, the motor areas of the cortex are needed to 
provide progression in the act of locomotion and also 
to provide purposefulness of locomotion. 

Nevertheless, in our subsequent discussions of the 
motor functions of the brain in man, we must always 
keep in mind the basic activities of the lower centers. 
The cord patterns of response are integrated into the 
overall control of muscular activity even when this 
control is initiated in the cerebral cortex. It is still the 
anterior motoneurons that have the final decisive 
lywcr in the con iraciLon of niven muscles, and it is 
still the patterns of organization of the inte me urons^ 
in the gray matter of the cord that provide many of 

t he patterns of muscular contraction. Impulses froni 

above seem to control the sequence in which these 
patterns of contraction occur, interspersed with 
other patterns generated in the brain itself. 
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Cortical and Cerebellar Control 
of Motor Functions 


In preceding chapters we have been con¬ 
cerned with many of the subconscious motor 
activities integrated in the spinal cord and brain 
stem, especially those responsible for locomo¬ 
tion. In the present chapter we will discuss the 
control of motor function bv the cerebral cortex 
and cerebellum, m uch of wKich is “voluntary” 
contro l in contradis tinction to tne supconsciTOs 
c ontrol effecied by the lower centers. Yet we 
will also see mat at least some motor functions 
of the cerebral cortex and cerebellum are not 
entirely “voluntary.” 


PHYSIOLOGIC ANATOMY OF 
THE MOTOR AREAS OF THE 
CORTEX AND THEIR 
PATHWAYS TO THE CORD 

Electrical stimulation anywhere within a large area 
of the cerebral cortex can at times cause muscle con¬ 
traction. This area, illustrated bythe shading in Fig¬ 
ure 11-1, is called the sensorimotor cortex. This 
same area receives sensory signals from the somatic 
areas of the body. 

However, the sensorimotor cortex can be divided 
into two separate areas: the motor cortex, which lies 
anterior to the central sulcus and the somatic sensoiy 
cortex, or somesthetic cortex, which lies posterior to 
the sulcus. The reason for this separation is a simple 
one: Electrical stimulation in the anterior region is far 
more likely to cause muscle contraction than stimula¬ 
tion in the posterior area. Conversely, stimulation in 
the posterior area is far more likely to cause a sen¬ 
sory experience. Yet, there is a very strong overlap 
between the two areas. This is exceedingly impor¬ 
tant, for as we shall see later in the chapter the motor 


activities of the cortex are constantly controlled or 
modified by signals from the somatic sensory system. 
The area in Figure 11-1 immediately in front of the 
central sulcus, designated in the figure by the darkest 
shading, contains large numbers nf _ 

or pyramidal cells, for which reason it is also called 
the area pyramid alis. F his area c ai^sjm)ior m ove¬ 

ments following the least amount of electrica l excita- 
t mn Rna~is tneretore also caiiea me nrimary motor 
cortex . 

The Pyramidal Tract (Corticospinal Tract). 

One of the major pathways by which motor signals 
are transmitted from the motor areas of the cortex to 
the anterior motoneurons of the spinal cord is 
through the pyramidal tract, or corticosninal trnrt. 
which is illiistrat e f^ in 11 ^ 



Figure 11-1. Relationship of the motor cortex to the 
somesthetic cortex. 
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—'Motor cortex 
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Basis pedunculi of 
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of pons 


Pyramid of medulla 
oblongata 


^.---Lateral corticospinal tract 
. 3 - —Ventral corticospinal tract 


Figure 11-2. The pyramidal tract. (From Ranson and 
Clark: Anatomy of the Nervous System, 1959.) 


nates in all the shaded areas in Figure 5S-1. including 
both the, motor and the somesthetic areas, about 
t hree-quarters from the motor area^anct a^yT oi te- 

gr^m^gthetic refyjop^ to tjae 

central sulcus. The funcli Q n -t» L- th &. 



is to cause feedback control of senso ry ij:>fnit_tQ_the 
geryous system , as was discussed in Chapter 7. 

The most impressive fibers in the pyramidal tract 
are the large myelinated fibers that originate in the 
giant Betz cells of the motor area. These account for 
approximately 17,000 large fibers (mean diameter of 
about 16 microns) in the pyramidal tract from each 
side of the cortex. However, since each corticospinal 
tract contains more than a million fibers, only 2 per 
cent of the total number of corticospinal fibers are of 
this large type. The other 98 per cent are mainly 
fibers smaller than 4 microns diameter, 60 per cent of 
hich are myelinated and 40 per cent unmvelinated.>- 
The pyramidal tract passes downward througlTfh'e^\ 
brain stem; then it decussates mainly to the opposite ' 
side to form the pyramids of the medulla. By far the 
majority of the pyramidal fibers then descend in the 
lateral corticospinal tracts of the cord and terminate 
principally on interneurons at the bases of the dorsal 
horns of the rord_gj:a,v matter. A few fibers, howeve 



do not cross to the opposite side but pass on down 
the cord ipsilaterally. Another small percentage 
passes ipsilaterally down the cord in the ventral 
corticospinal tracts but then mainly decussates to the 
opposite side farther down the cord. 

Collaterals from the Pyramidal Tract in the 
Brain. Even before the pyramidal tract leaves the 
brain, many collaterals are given off as follows: 

1. The axons from the giant Betz cells send short 
collaterals back to the cortex itself. It is believed that 
these collaterals mainly inhibit adjacent regions of 
the cortex when the Betz cells discharge, thereby 
“sharpening” the boundaries of the excitatory sig¬ 
nal. 

2. A large number of collateral fibers pass into the 
striate body, which is composed of the caudate nu¬ 
cleus and putamen. From here additional pathways 
extend down the brain stem and then into the spinal 
cord through the extrapyramidal tracts, which are 
discussed later in the chapter. 

3. A moderate number of collaterals pass from the 
pyramidal tract into the red nuclei. From these, addi¬ 
tional pathways pass down the cord through the ru¬ 
brospinal tract. 

4. A moderate number of collaterals also deviate 
from the pyramidal tract into the reticular substance 
of the brain stem; from here signals go to the cord via 
reticulospinal tracts and others go to the cerebellum 
via retieulocerebellar tracts. 

5. A tremendous number of collaterals synapse in 
the pontile nuclei, which give rise to the pon¬ 
tocerebellar fibers. Thus, each time signals are 
transmitted from the motor cortex through the 
pyramidal tract, simultaneous signals are transmitted 
into the cerebellar hemispheres. 

6. Many collaterals also terminate in the inferior 
olivary nuclei, and from here secondary olivocerebel¬ 
lar fibers transmit signals to most areas of the cere¬ 
bellum. 

Thus, the basal ganglia, the brain stem, and the 
j:erebellum all receive strong signals from the nvram - 
mal tract every time a signal is also transmittS Idmi^n 
the spinal cord to cause a motor activity. 

Importance ot the Area Pyramidalis. The giant 
pyramidal cells of the area pyramidalis are very ex¬ 
citable. A much less degree of electrical stimulation 
is required in this area to cause motor movement 
than in any other area of the brain. Therefore, tl 
-area is called the primary motor area oFthe co rtex. A 
single weak shock applied to a local point in this area 
is sometimes strong enough to cause a definite motor 
movement somewhere in the body—for instance, a 
flick of a finger, deviation of the lip, or some other 
discrete movement; and a short train of stimuli al¬ 
most always elicits a movement in some discrete part 
of the body. In almost no other region of the cortex 
can one be certain of achieving a motor response 
with such weak stimuli. 

The Extrapyramidal Tracts. The extrapyram i- 
dal tracts are. collectiveLv. all the tracts besidles me . 
pyramidal tract itself that transmit motor signals fro nL. 
the cortex to the spinal cord.An the above discussion 
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of the collaterals from the pyramidal tract, we have 
noted some of these extrapyramidal pathways that 
pass through the striate nuclei, red nuclei, and reticu¬ 
lar nuclei of the brain stem. In addition to these col¬ 
lateral fibers from the pyramidal tract, still many 
other fibers course directly from the cortex to these 
intermediate nuclei. For instance, large numbers of 
neurons project directly from the motor cortex into 
the caudate nucleus and then through the put amen, 
globus pallidus, subthalamic nucleus, red nucleus, 
substantia nigra, and reticular nuclei of the brain 
stem before passing into the spinal cord. The multi¬ 
plicity of connections within these intermediate nu¬ 
clei of the basal ganglia and reticular substance was 
presented in the preceding chapter. 

The final pathways for transmission of extrapyram¬ 
idal signals into the cord are the reticulospinal tracts, 
which lie in both the ventral and lateral columns of 
the cord; and, to a less extent, the rubrospinal, tec¬ 
tospinal, and vestibulospinal tracts. 

THE FOUR MOTOR AREAS OF THE 
SENSORIMOTOR CORTEX 

Four separate motor areas, which when 
stimulated are especially likely to cause con¬ 
traction of specific muscles, have been found in 
the sensorimotor cortex. The precise locations 
of these in the human being have been mapped 
out only crudely because of the obvious impos¬ 
sibility of performing the necessary experi¬ 
ments to make accurate measurements. How¬ 
ever, Figure 11-3 illustrates the somatotopical 
maps of the four separate motor areas in the 
monkey cortex, as described below: 

1. The primary motor area (labeled Ms I in 
the figure), which is located immediately an¬ 
terior to the central sulcus, with the feet areas 
extending down into the central sulcus, and the 
trunk extending toward the front of the brain. 
The tail and leg areas fold over the longitudinal 
fissure, and the head and tongue areas are lo¬ 
cated laterally in the posterior part of the frontal 
lobe. 

2. The supplementary motor area (Ms II in 
the figure), which is located almost entirely on 
the medial wall of the hemisphere in the lon¬ 
gitudinal fissure. This is illustrated in the upper 
portion of the figure, showing the medial hemis¬ 
phere folded outward. 

3. The somatic sensorimotor area I (Sm I), 
which is located immediately posterior to the 
central sulcus in the anterior gyrus of the 
parietal lobe. This area is coextensive with 
somatic sensory area I; the somatotopical map 
of the body representation is a mirror image of 
the map in the primary motor area immediately 
anterior to the central sulcus. 



Figure 11-3. The different motor areas of the monkey 
cortex, illustrating especially the primary motor area (Ms 
I) located in the precentral gyrus. (The upper portion of 
the figure illustrates the medial surface of the cerebral 
hemisphere.) (From Woolsey, in Harlow and Woolsey 
(eds.): Biological and Biochemical Bases of Behavior. 
University of Wisconsin Press, 1958.) 

4. The somatic sensorimotor area II (Sm II), 
which is located in the lateralmost portion of the 
parietal lobe immediately above the Sylvian 
fissure. This area is coextensive with somatic 
sensory area II. 

Importance of the Different Motor Rep¬ 
resentations. Despite this multiplicity of 
motor representations in the cortex, very little 
is known about any of them except the primary 
motor area. Stimulation of the supplementary 
motor area (Ms II) seems to cause avoidance 
movements—that is, shrinking away from 
danger. Stimulation of somatic sensorimotor 
area II causes gross postural motor movements. 
Sensorimotor area I operates in association 
with the primary motor area, providing sensory 
signals that are the basis for many of the pri¬ 
mary motor reactions. 

The primary motor area is an extremely im¬ 
portant one because even a weak stimulus usu¬ 
ally elicits a muscle contraction somewhere in 
the body. Therefore, the remainder of this dis¬ 
cussion will be concerned almost entirely with 
the primary motor area. 

THE PRIMARY MOTOR CORTEX OF THE 
HUMAN BEING 

Figure 11-4 gives an approximate map of the 
human brain showing the points in the primary 
motor cortex that cause muscle contractions in 
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Primory motor cortex 




Figure 11-4. Representation of the different muscles of 
the body in the motor cortex and location of other cortical 
areas responsible for certain types of motor movements. 


different parts of the body when electrically 
stimulated. These have been determined by 
electrical stimulation of the human brain in pa¬ 
tients having brain operations under local anes¬ 
thesia. Indeed, such stimulation is commonly 
used by the neurosurgeon to determine the loca¬ 
tion of the motor cortex, thus allowing him to 
avoid this area, if possible, during the opera¬ 
tion. 

Note in the figure that stimulation of the most 
lateral portions of the motor cortex causes mus¬ 
cular contractions related to swallowing, chew¬ 
ing, and facial movements, whereas stimulation 
of the midline portion of the motor cortex where 
it bends over into the longitudinal fissure, 
causes contraction of the legs, feet, or toes. The 
spatial organization is similar to that of the 
somatic sensory cortex I, which was shown in 
Figure 7-4 of Chapter 7. 

Afferent Fibers that Excite the Primary Motor 
Cortex. The primary motor cortex is stimulated to 
action by signals from many different sources, in¬ 
cluding: 

1. Subcortical fibers from adjacent regions of the 
cortex, especially from the somatic sensory areas 
and from the frontal areas—also subcortical fibers 
from the visual and auditory cortices. 

2. Subcortical fibers that pass through the corpus 
callosum from the opposite cerebral hemisphere. 
These fibers connect corresponding areas of the 
motor cortices in the two sides of the brain. 

3. Somatic sensory fibers derived directly from the 
ventrobasal complex of the thalamus. That is, every 
time that a sensory signal is transmitted into somatic 
sensory area I, collateral signals are also transmitted 
at less intensity into the primary motor area as well. 

4. Tracts from the lateral nuclei of the thalamus. 


which in turn receive tracts from both the basal gan¬ 
glia and the cerebellum. These tracts provide signals 
that are necessary for coordination between the func¬ 
tions of the motor cortex, the basal ganglia, and the 
cerebellum. 

5. Fibers from the nonspecific nuclei of the 
thalamus. These fibers control the general level of 
excitability of the motor cortex in the same manner 
that they also control the general level of excitability 
of most other regions of the cerebral cortex. 

Vertical Columnar Arrangement of the Cells in 
the Motor Cortex. In Chapters 7 and 18 it is 
pointed out that the cells in the somatic sensory cor¬ 
tex and the visual cortex—and perhaps in all other 
parts of the brain as well—are organized in vertical 
columns of cells. In a like manner, the cells of the 
motor cortex are also organized in vertical 
columns—columns about 1 mm. in diameter and hav¬ 
ing several thousand cells in each column. 

The columns of cells, in turn, are themselves ar¬ 
ranged in six distinct layers, as is the arrangement 
throughout the cerebral cortex. The functions of 
these layers from outside inward are: 

Lavers I through IV are sensory: that is. they re ¬ 
ceive af f j^fpnt fibers from o thfr-fii^urffe^ The fiber" 
trom the nonspecific nuclei of the thalamus (from the 
“reticular activating system” that will be discussed 
in the following chapter) terminate in layers I and II. 
T hese fibers provide general enhancement of the de- 
.gj ^e»of . gxcita bi iilV-_of the motor cortex, as occur s 
also in oth er c ortical regions of the Bfaih whelTTIie. 
r eticular activating system is^irruTlated . 

Layer IV is the main terminus and layer III the 
secondary terminus of the sensory afferents from the 
specific nuclei in the ventrobasal complex of the 
thalamus, the afferents from the sensory areas of the 
cortex, the afferents from the lateral nuclei of the 
thalamus that transmit signals from the cerebellum 
and the basal ganglia, and the corpus callosal affer¬ 
ents from the opposite cerebral hemisphere. 

T.avers V andAZJ—are the origins of the efferent 
fibers or “oiitnnt fibers.” from the motor coT-ta x. The 
1irce»Bftf'Z--€'p'llr4h.at,,^i.>yCUMSG,.to,.tfi^ ^ long pvramidaL 

from b^^vers\^^aud w’n^o of the brairf. 

Function of the Columns of Cells. Each column of 
cells seems to perform a specific motor function, 
such as stimulating a particular muscle or perhaps 
stimulating several synergistic muscles. The cells in 
each column seem to operate both as an integrative 
and an amplifying system. The integrative function of 
the column is its ability to combine signals from 
many different sources and to determine the appro¬ 
priate output response. Specific cells within a column 
seem to be responsive to different types of input sig¬ 
nals. For instance, some cells respond to somatic 
sensory signals related to joint movement, others to 
tactile stimuli, and still others to feedback signals 
from the cerebellum and basal ganglia. Also, the gen¬ 
eral level of activation of the motor cortex is pro¬ 
vided by signals from the nonspecific nuclei of the 
thalamus. 
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The amplifying function of the column of cells al¬ 
lows weak input signals to cause stimulation ot' large 
"niLmbers or output neuroiis . UiYect electrical sTimuia- 
tion of a single output neuron in the motor cortex by 
means of a micropipette electrode will almost never 
excite a muscle contraction. Instead, at least several 
output neurons (preferably a large number) need to 
be excited simultaneously. 

the signal ■within the column provides this needed 
motive powe r. 

Degree ^ Representation of Different Mus¬ 
cle Groups in the Primary Motor Cor¬ 
tex. The different muscle groups of the body 
are not represented equally in the motor cortex. 
In general, the degree of representation is pro¬ 
portional to the discreteness of movement re¬ 
quired of the respective part of the body. Thus, 
the thumb and fingers have large representa¬ 
tions, as is true also of the lips, tongue, and 
vocal cords. The relative degrees of representa¬ 
tion of the different parts of the body are illus¬ 
trated in Figure 11-5, a figure constructed by 
Penfield and Rasmussen on the basis of stim¬ 
ulatory charts made of the human motor cortex 
during hundreds of brain operations. 

When barely threshold stimuli are used, only 
small segments of the peripheral musculature 
ordinarily contract at a time. In the “finger” 
and “thumb” regions, which have tremendous 
representation in the cerebral cortex, threshold 
stimuli can sometimes cause single muscles or, 
at times, even single fasciculi of muscles to con¬ 
tract, thus illustrating that a high degree of con¬ 
trol is exercised by this portion of the motor 
cortex over discrete muscular movement. 



Figure 11-5. Degree of representation of the different 
muscles of the body in the motor cortex. (From Penfield 
and Rasmussen: The Cerebral Cortex of Man: A Clinical 
Study of Localization of Function. The Macmillan Co., 
1968.) 


On the other hand, threshold stimuli in the 
trunk region of the body might cause as many as 
30 to 50 small trunk muscles to contract simul¬ 
taneously, tfius illustrating that the motor cor - 
does not control discrete trunk muscles bu t 
in^ead^ontrols Qrouos of muscle s. Similarly, 
threshold stimuli in the lip, tongue, and vocal 
cord regions of the motor cortex cause contrac¬ 
tion of minute muscular areas, whereas stimula¬ 
tion in the leg region ordinarily excites several 
synergistic muscles at a time, causing some 
gross movement of the leg. Also, it should be 
recognized that the finger muscles have far 
more representation in the motor cortex than do 
the muscles of the upper arm. 

COMPLEX MOVEMENTS ELICITED BY 
STIMULATING THE CORTEX ANTERIOR 
TO THE MOTOR CORTEX—THE CONCEPT 
OF A “PREMOTOR CORTEX^^ 

Electrical stimulation of the cerebral cortex 
for distances 1 to 3 centimeters in front of the 
primary motor cortex will often elicit complex 
contractions of groups of muscles. Occasion¬ 
ally, vocalization occurs, or rhythmic move¬ 
ments such as alternate thrusting of a leg for¬ 
ward and backward, coordinate moving of the 
eyes, chewing, swallowing, or contortion of 
parts of the body into different postural posi¬ 
tions. 

Some i ieurophvsio loglsts have called this 
area the /nrpmntor cortejg and have ascribed 
/fecial capabilities to it to control coordinated 
I moyements involving many muscles simultane- 
^usl y^-Q ne might also ca ll the premotor cortex a 
' ^^ ssociatiol^area ) In fact, it is peculiarly 

wganized to perform such a function for the 
^following reasons: (1) It has long subcortical 
neuronal connections with the sensory associa¬ 
tion areas of the parietal lobe; (2) It has direct 
subcortical connections with the primary motor 
cortex; (3) It connects with areas in the 
thalamus contiguous with the thalamic areas 
that connect with the primary motor cortex; (4) 
The premotor area has direct connections with 
^the basal ganglia. 

Still another reason for the belief that there is 
a motor association area (a “premotor cortex”) 
is that damage to this area causes loss of certain 
coordinate skills, as follows: 

Broca’s Area and Speech. Referring again 
to Figure 11-4, note that immediately anterior 
to the primary motor cortex and immediately 
above the Sylvian fissure is an area labeled 
“word formation.” This region is called Bro¬ 
ca’s area. Damage to it does not prevent a per- 
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son from vocalizing, but it does make it impos¬ 
sible for the person to speak whole words other 
than simple utterances such as “no” or “yes.” 
A closely associated cortical area also causes 
appropriate respiratory function so that the 
vocal cords can be activated simultaneously 
with the movements of the mouth and tongue 
during speech. Thus, the activities that are re¬ 
lated to Broca’s area are highly complex. 

The Voluntary Eye Movement Field. Im¬ 
mediately above Broca’s area is a locus for con¬ 
trolling eye movements. Damage to this area 
prevents a person from voluntarily moving his 
eyes toward different objects. Instead, the eyes 
tend to lock on specific objects, an effect con¬ 
trolled by signals from the occipital region, as 
explained in Chapter 18. This frontal area also 
controls eyelid movements such as blinking. 

Head Rotation Area. Still slightly higher in 
the “premotor region,” electrical stimulation 
will elicit head rotation. This area is closely as¬ 
sociated with the eye movement field and is 
presumably related to directing the head toward 
different objects. 

Area for Hand Skills. In the frontal area 
immediately anterior to the primary motor cor¬ 
tex for the hands and fingers is a region 
neurosurgeons have observed to be an area for 
hand skills. That is, when tumors or other le¬ 
sions cause destruction in this area, the hand 
movements become incoordinate and nonpur¬ 
poseful, a condition called motor apraxia. 

Summary of the Premotor Concept. It is 
clear that at least some areas anterior to the 
primary motor cortex can cause complex coor¬ 
dinate movements, such as for speech, for eye 
movements, for head movements, and perhaps 
even for hand skills. However, it should be re¬ 
membered that all of these areas are closely 
connected with corresponding areas in the 
primary motor cortex, the thalamus, and the 
basal ganglia. Therefore, the complex coordi¬ 
nate movements almost certainly result from a 
cooperative effort of all these substructures. 

EFFECTS OF LESIONS IN THE MOTOR 
AND PREMOTOR CORTEX 

The motor cortex is frequently damaged— 
especially by the common abnormality called a 
“stroke,” which is caused by loss of blood sup¬ 
ply to the cortex. Also, experiments have been 
performed in animals to remove selectively 
different parts of the motor cortex. 

Ablation of the Primary Motor Cortex. 
Removal of a very small portion of the primary 
motor cortex in a monkey causes paralysis of 
the represented muscles. If the sublying cau¬ 


date nucleus is not damaged, gross postural and 
limb “fixation” movements can still be per¬ 
formed, but the animal loses voluntary control 
of discrete movements of the distal segments of 
the limbs—of the hands and fingers, for in¬ 
stance. This does not mean that the muscles 
themselves cannot contract, but that the ani¬ 
mal’s ability to control the fine movements is 
gone. 

From these results one can conclude that the 
primary motor cortex is concerned mainly with 
voluntary initiation of finely controlled move¬ 
ments. On the other hand, the deeper motor 
areas, particularly the basal ganglia, seem to be 
responsible mainly for the involuntary and 
postural body movements. 

Muscle Spasticity Caused by Ablation of 
Large Areas of the Motor Cortex—Extra- 
pyramidal Lesions as the Basis of Spastici¬ 
ty. It should be recalled that the motor cortex 
gives rise to tracts that descend to the spinal 
cord through both the pyramidal tract and the 
extrapyramidal tract. These two tracts have op¬ 
posing effects on the tone of the body muscles. 
The pyramidal tract causes continuous facilita¬ 
tion and, therefore, a tendency to increase mus¬ 
cle tone throughout the body. On the other 
hand, the extrapyramidal system transmits in¬ 
hibitory signals through the basal ganglia and 
the bulboreticular system of the brain stem, 
with resultant inhibition of muscle action. When 
the motor cortex is destroyed, the balance be¬ 
tween these two opposing effects may be al¬ 
tered. If the lesion is located discretely in the 
primary motor cortex where the large Betz cells 
lie, very little change in muscle tone results be¬ 
cause both pyramidal and extrapyramidal ele¬ 
ments are affected about equally. On the other 
hand, the usual lesion is very large and involves 
large portions of the sensorimotor cortex, both 
anterior and posterior to the primary motor 
area, and both of these regions normally trans¬ 
mit inhibitory signals through the extrapyrami¬ 
dal tracts. Therefore, loss of extrapyramidal in¬ 
hibition is the dominant feature, thus leading to 
muscle spasm. 

If the lesion involves the basal ganglia as well 
as the motor cortex itself, the spasm is even 
more intense because the basal ganglia normally 
provide additional very strong inhibition of the 
bulboreticular system, and loss of this inhibition 
further exacerbates the reticular excitation of 
the muscles. In patients with strokes, the lesion 
almost invariably affects both the motor cortex 
itself and the sub-lying basal ganglia, so that 
very intense spasm normally occurs in the mus¬ 
cles of the opposite side of the body. 
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The muscle spasm that results from damage 
to the extrapyramidal system is different from 
the spasticity that occurs in decerebrate rigid¬ 
ity. In decerebrate rigidity the spasm is of the 
antigravity muscles and is called extensor 
spasm. On the other hand, the spasm resulting 
from lesions of the extrapyramidal system usu¬ 
ally involves the flexors as well, causing intense 
stiffening of the limbs and other parts of the 
body. 

The Babinski Sign. Destruction of the foot 
region of the area pyramidalis or transection of 
the foot portion of the pyramidal tract causes a 
peculiar response of the foot called the Babinski 
sign. This response is demonstrated when a firm 
tactile stimulus is applied to the sole of the foot: 
The great toe extends upward and the other toes 
fan outward. This is in contradistinction to the 
normal effect in which all the toes bend down¬ 
ward. Also, the Babinski sign does not occur 
when the damage is only in the extrapyramidal 
system. Therefore, the sign is often used clini¬ 
cally to detect damage specifically in the pyram¬ 
idal portion of the motor control system. De- 
.spite the clinical significance of the Babinski 
sign, however, its physiological mechanism is 
not known. 

STIMULATION OF THE SPINAL 
MOTONEURONS BY MOTOR 
SIGNALS FROM THE BRAIN 

Figure 11-6 shows several different motor 
tracts entering a segment of the spinal cord from 
the brain. The corticospinal tract (pyramidal 
tract) terminates mainly on small interneurons 
in the base of the dorsal horns, although as 
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Figure 11-6. Convergence of all the different motor 
pathways on the anterior motoneurons. 


many as 15 per cent may also terminate directly 
on the anterior motoneurons themselves. From 
the primary interneurons, most of the motor 
signals are transmitted through still other inter¬ 
neurons before finally exciting the anterior 
motoneurons. 

Figure 11-6 shows several other descending 
tracts from the brain, collectively called the ex¬ 
trapyramidal tracts, which also carry signals to 
the anterior motoneurons: (1) the rubrospinal 
tract, (2) the reticulospinal tract, (3) the tecto¬ 
spinal tract, and (4) the vestibulospinal tract. In 
addition, sensory signals arriving through the 
dorsal sensory roots, as well as signals transmit¬ 
ted from segment to segment of the spinal cord 
via the propriospinal tracts, also stimulate the 
anterior motoneurons. In general, the ex¬ 
trapyramidal tracts terminate farther anteriorly 
in the gray matter of the spinal cord than does 
the corticospinal tract; a larger share of these 
fibers terminate directly on the anterior 
motoneurons. Also, some terminate on inhibi- 
toij neurons, which in turn inhibit the anterior 
motoneurons, an effect opposite to the excita¬ 
tory effect of the corticospinal tract. 

The corticospinal tract seems to cause very 
specific muscle contractions; neurophysiologi¬ 
cal recordings have demonstrated that the in¬ 
tensity of muscle contraction—everything else 
being equal—is directly proportional to the 
nervous energy transmitted through the cor¬ 
ticospinal tract. On the other hand, the ex¬ 
trapyramidal tracts terminate in the cord gray 
matter near the anterior motoneurons and pro¬ 
vide less specific muscle contractions. Instead, 
they provide such effects as general facilitation, 
general inhibition, or gross postural signals, all 
of which provide the background against which 
the corticospinal system operates. Finally, the 
sensory and propriospinal signals also add their 
input to the total melee of spinal integration. 

Patterns of Movement Elicited by Spinal 
Cord Centers. From Chapter 9, recall that 
the spinal cord can provide specific reflex pat¬ 
terns of movement in response to sensory nerve 
stimulation. Many of these patterns are also im¬ 
portant when the anterior motoneurons are ex¬ 
cited by signals from the brain. For instance, 
the stretch reflex is functional at all times, help¬ 
ing to damp the motor movements initiated 
from the brain and probably providing at least 
part of the motive power required to cause the 
muscle contractions employing the servo-assist 
mechanism that was described in Chapter 9. 

Also, when a brain signal excites an agonist 
muscle, it is not necessary to transmit an in¬ 
verse signal to the antagonist at the same time; 
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this transmission will be achieved by the recip¬ 
rocal innervation circuit that is always present 
in the cord for coordinating the functions of an¬ 
tagonistic pairs of muscles. 

Finally, parts of the other reflex mechanisms 
such as withdrawal, stepping and walking, 
scratching, postural mechanisms, and so forth, 
are at times activated by signals from the brain. 
Thus, very simple signals from the brain can 
lead, at least theoretically, to many of our nor¬ 
mal motor activities, particularly for such func¬ 
tions as walking and the attainment of different 
postural attitudes of the body. 

On the other hand, at times it is important to 
suppress the cord mechanisms to prevent their 
interference with the performance of patterns of 
motor activity generated within the brain itself. 
It has been suggested that this is the specific 
function of some of the inhibitory signals 
transmitted through some reticulospinal fibers. 


THE CEREBELLUM AND ITS 
MOTOR FUNCTIONS 

The cerebellum has long been called a silent 
area of the brain principally because electrical 
excitation of this structure does not cause any 
sensation and rarely any motor movement. 
However, as we shall see, removal of the cere¬ 
bellum does cause the motor movements to be¬ 
come highly abnormal—so much so that some 
very prominent neurophysiologists consider the 
cerebellum to be as important as all other motor 
control elements of the nervous system. The 
cerebellum is especially vital to the control of 
very rapid muscular activities such as running, 
typing, playing the piano, and even talking. 
Loss of this area of the brain can play havoc 
with each of these activities even though its loss 
causes paralysis of no muscles. 

But how is it that the cerebellum can be so 
important when it has no direct control over 
muscle contraction? The answer to this is that it 
monitors and makes corrective adjustments in 
the motor activities elicited by other parts of the 
brain. It receives continuously updated infor¬ 
mation from the peripheral parts of the body to 
determine the instantaneous status of each part 
of the body—its position, its rate of movement, 
forces acting on it, and so forth. The cerebellum 
compares the actual physical status of each part 
of the body as depicted by the sensory informa¬ 
tion with the status that is intended by the 
motor system. If the two do not compare favor¬ 
ably, then appropriate corrective signals are 
transmitted instantaneously back into the motor 


system to increase or decrease the levels of ac¬ 
tivation of the specific muscles. 

Since the cerebellum must make major motor 
corrections extremely rapidly during the course 
of motor movements, a very extensive and 
rapidly acting cerebellar input system is re¬ 
quired both from the peripheral parts of the 
body and from the cerebral motor areas. Also, 
an extensive output system feeding equally as 
rapidly into the motor system is necessary to 
provide the necessary corrections of the motor 
signals. 

THE INPUT SYSTEM TO THE 
CEREBELLUM 

The human cerebellum is generally divided into 
two major lobes, as illustrated in Figure 11-7, the 
anterior lobe, which is small, and the posterior lobe, 
which is much larger. The posterior cerebellum is 
greatly enlarged bilaterally to form the cerebellar 
hemispheres, which are also known as the neo- 
cerebellum (new cerebellum) because they represent 
a phylogenetically new portion of the cerebellum. 
The older portions of the cerebellum, including the 
small midline section of the posterior cerebellum and 
the entire anterior cerebellum, are called the 
paleocerebelhim (old cerebellum). 

The Afferent Pathways. The basic afferent 
pathways to the cerebellum are also illustrated in 
Figure 11-7. An extensive and important afferent 
pathway is the corticocerebellar pathway, which 
originates mainly in the motor cortex (but to a lesser 
extent, in the sensory cortex as well) and then passes 
by way of the pontile nuclei and pontocerebellar 
tracts directly to the cortex of the cerebellum. In 
addition, important afferent tracts originate in the 
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brain stem; they include: (a) an extensive olivo¬ 
cerebellar tract, which passes from the inferior olive 
to all parts of the cerebellum; this tract is excited by 
fibers from the motor cortex, the basal ganglia, 
widespread areas of the reticular formation, and the 
spinal cord through the spino-olivary tract; (b) ves¬ 
tibulocerebellar fibers, some of which originate in the 
vestibular apparatus itself; most of these terminate in 
the flocculonodular lobe fastigial nucleus of the 

cerebellum; (c) reticulocerebellar fibers, which origi¬ 
nate in different portions of the reticular formation 
and terminate mainly in the midline structures of the 
paleocerebellum. 

The cerebellum also receives important sensory 
signals directly from the peripheral parts of the body, 
which reach the cerebellum by way of the ventral and 
dorsal spinocerebellar tracts illustrated in Figures 
11-7 and 11-8. The signals transmitted in these tracts 
originate in the muscle spindles, the Golgi tendon 
organs, and the large tactile receptors of the skin and 
joints, and they apprise the cerebellum of the 
momentary status of muscle contraction, degree of 
tension on the muscle tendons, positions of the parts 
of the body, and forces acting on the surfaces of the 
body. All of this information keeps the cerebellum 
constantly apprised of the instantaneous physical 
status of the body. 

Note in Figure 11-8 that the nerve fibers from the 
sensory receptors terminate on Clarke’s cells at the 
bases of the dorsal horns and that most of these fibers 
pass ipsilaterally up to the cerebellum. These path¬ 
ways can transmit impulses at velocities over 100 
meters per second, which is the most rapid conduc¬ 
tion of any pathway in the entire central nervous sys¬ 
tem. This extremely rapid conduction is also impor- 




Figure 11-9. The sensory projection areas, called 
“homunculi,” on the cortex of the cerebellum. (From 
Snider: Sci. Amer., 199:4, 1958. Copyright (c) 1958 by 
Scientific American, Inc. All rights reserved.) 


tant for the instantaneous apprisal of the cerebellum 
of changes that take place in the status of the body. 

In addition to the signals in the spinocerebellar 
tracts, other signals are transmitted through the dor¬ 
sal columns to the medulla and then relayed from 
there to the cerebellum. Likewise, signals are trans¬ 
mitted through the spinoreticular pathway to the re¬ 
ticular substance of the brain stem and through the 
spino-olivary pathway to the inferior olivary nucleus 
and then relayed to the cerebellum. Thus, the cere¬ 
bellum collects continual information about all parts 
of the body even though it is operating at a subcon¬ 
scious level. 

Spatial Localization of Sensory Input to the 
Cerebellum. Afferent fibers entering the cerebel¬ 
lum terminate in distinct spatially oriented areas of 
the cerebellar cortex. Figure 11-9 illustrates the loci 
of two different “homunculi,” as recorded in the 
monkey, which show the terminations of sensory 
fibers from all parts of the body. Figure 11-10 illus¬ 
trates the human cerebellum, showing the approxi¬ 
mate sensory terminations based on anatomical data 
and extrapolation from animals. Note especially that 
there are two separate representations of the body in 
the cerebellum. One of these lies mainly in the an¬ 
terior cerebellum but extends also into the upper part 
of the posterior cerebellum, and the other is split in 
half and lies entirely in the posterior cerebellum. 

It is also important to note that the signals from the 
motor cortex project to corresponding points in (a) 
the peripheral muscles and joints of the body, and (b) 
the sensory representations for the same muscles and 
joints in the cerebellum. Therefore, each respective 
point in the cerebellum in reality represents a specific 
muscle or a specific joint; simultaneously it receives 
information directly from the motor cortex concern- 
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ing the motor signals to activate the muscle or joint 
and from the muscle or joint concerning the effect 
actually produced. Then it projects signals back into 
the motor pathway to the same respective topo¬ 
graphical part of the system. 

The Equilibrium Area of the Cerebellum. Note in 
Figure 11-10 at the lowest part of the cerebellum (or 
most posterior part) an area labeled “equilibrium.” 
This is the flocculonodular lobe of the cerebellum, a 
very old part that connects through bidirectional 
pathways with the vestibular nuclei. As was dis¬ 
cussed in the previous chapter, this area is concerned 
almost entirely with equilibrium, and its destruction 
causes serious loss of equilibrium particularly when 
rapid movements are being performed. 


OUTPUT SIGNALS FROM THE 
CEREBELLUM 

The Deep Cerebellar Nuclei and the Efferent 
Pathways. Located deep in the cerebellar mass are 
four deep cerebellar nuclei-ihe dentate, globose, 
emboliform, and fastigial nuclei. These nuclei re¬ 
ceive signals from two different sources: (1) the cere¬ 
bellar cortex, and (2) all the sensory afferent tracts to 
the cerebellum. Each time an input signal arrives in 
the cerebellum, it goes both to the cerebellar cortex 
and also directly to the deep nuclei through collateral 
fibers; then, a short time later, the cerebellar cortex 
relays its output signals also to the the deep nuclei. 
Thus, all the input signals that enter the cerebellum 
eventually end in the deep nuclei. We shall discuss 
this circuit in greater detail below. 

All of the efferent tracts from the cerebellum arise 
in the deep nuclei—none from the cerebellar cortex, 
which transmits its output signals only through the 
deep nuclei. Efferent signals are transmitted to many 
portions of the motor system including (1) the motor 
cortex, (2) the basal ganglia, (3) the red nucleus, (4) 
the reticular formation of the brain stem, and (5) the 


vestibular nuclei. The important tracts, illustrated in 
Figure 11-11, are the following: 

1. To the Motor Cortex. Fibers originate in the 
dentate nuclei and pass to the ventrolateral nucleus 
of the thalamus where they synapse with second 
order neurons that pass directly to the motor cortex. 

2. To the Basal Ganglia. Signals pass from the 
dentate nucleus to the centromedian nucleus of the 
thalamus from which they are relayed to the striate 
body of the basal ganglia. 

3. To the Red Nucleus. Fibers originating also in 
the dentate nucleus terminate in the red nucleus. This 
in turn transmits signals to the spinal cord through 
the rubrospinal tract, and it also sends short axons 
into the reticular formation. 

4. To the Reticular Formation. Fibers enter the re¬ 
ticular formation, probably from all four of the deep 
cerebellar nuclei—the dentate, globose, and em¬ 
boliform nuclei through the brachium conjunctivum 
into the upper part of the reticular formation, and 
from the fastigial nuclei into the lower reticular for¬ 
mation via the restiform body. 

5. To the Vestibular Nuclei. As has already been 
pointed out in the previous chapter, the fastigial nu¬ 
clei have bidirectional connections with the vestibu¬ 
lar nuclei. The fastigial nuclei subserve primarily the 
flocculonodular lobe of the cerebellum and other 
closely allied regions of the older cerebellum. 


THE NEURONAL CIRCUIT OF THE 
CEREBELLUM 

The structure of the cerebellar cortex is en¬ 
tirely different from the cerebral cortex. Fur¬ 
thermore, each part of the cerebellar cortex has 
a neuronal organization almost precisely the 
same as that in all other parts. 

The human cerebellum is actually a large 
folded sheet, approximately 17 cm. wide by 120 
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Figure 11-11. Principal efferent tracts from the cerebel¬ 
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cm. long, the folds lying crosswise, as illus¬ 
trated in Figures 11-9 and 11-10. Each fold is 
called 2 ifolium. 

The Functional Unit of the Cerebellar 
Cortex—the Purkinje Cells. The cerebellum 
has approximately 30 million nearly identical 
functional units, one of which is illustrated in 
Figure 11-12. This functional unit centers 
around the Purkinje cell, of which there are also 
30 million in the cerebellar cortex. 

Note to the far right in Figure 11-12 the three 
major layers of the cerebellum: the molecular 
layer, the Purkinje cell layer, and the granular 
cell layer. In addition to these layers, the deep 
nuclei are located far within the center of the 
cerebellar mass. 

The Neuronal Circuit of the Functional 
Unit. As illustrated in Figure 11-12, the out¬ 
put from the functional unit is from a deep nu¬ 
clear cell. However, this cell is continually 
under the influence of both excitatory and inhib¬ 
itory influences. The excitatory influences arise 
from direct connections with the afferent fibers 
that enter the cerebellum. The inhibitory 
influences arise entirely from the Purkinje cells 
in the cortex of the cerebellum. 

The afferent inputs to the cerebellum are of 
two types, one called the climbing fiber type 
and the other called the mossy fiber type. There 
is one climbing fiber for about 10 Purkinje cells. 
After sending collaterals to several deep nuclear 
cells, the climbing fiber projects all the way to 
the molecular layer of the cerebellar cortex 
where it makes about 300 synapses with the 
dendrites of each Purkinje cell. This climbing 
fiber is distinguished by the fact that a single 



Figure 11-12. Basic neuronal circuit of the cerebellum. 
Also shown in the upper right hand corner are the three 
major layers, of the cerebellar cortex. 


impulse in it will always cause a single action 
potential in each Purkinje cell with which it 
connects. Another distinguishing feature of the 
climbing fibers is that they all originate in the 
inferior olive of the medulla. 

The mossy fibers also send collaterals to ex¬ 
cite the deep nuclear cells. Then these fibers 
proceed to the granular layer of the cortex 
where they synapse with hundreds of granule 
cells. These in turn send their very small axons, 
less than 1 micron in diameter, up to the outer 
surface of the cerebellar cortex to enter the 
surface-lining molecular layer. Here the axons 
divide into two branches that extend 1 to 2 mil¬ 
limeters in each direction parallel to the folia. 
There are literally millions of these parallel 
nerve fibers in each small segment of the cere¬ 
bellar cortex (there are about 1000 granule cells 
for every Purkinje cell). It is into this molecular 
layer that the dendrites of the Purkinje cells pro¬ 
ject, and each Purkinje cell synapses with 
80,000 to 200,000 of these parallel fibers. Yet, 
the mossy fiber input to the Purkinje cell is quite 
different from the climbing fiber input because 
stimulation of a single mossy fiber will never 
elicit an action potential in the Purkinje cell; 
instead, large numbers of mossy fibers must be 
stimulated simultaneously to activate the Pur¬ 
kinje cell. Furthermore, this activation usually 
takes the form of prolonged facilitation or exci¬ 
tation that, when it reaches threshold for stimu¬ 
lation, causes repetitive Purkinje cell firing 
rather than the single action potential occurring 
in response to the climbing fiber input. 

Thus, the Rirkinje cells are stimulated by two 
types of input circuits—one that causes a highly 
specific output in response to the incoming sig¬ 
nal and the other that causes a less specific but 
tonic type of response. It should be noted that 
the greater proportion of the afferent input to 
the cerebellum is of the mossy fiber type be¬ 
cause this represents the afferent input from all 
of the cerebellar afferent tracts besides those 
from the inferior olive. 

Balance Between Excitation and Inhibition 
in the Deep Cerebellar Nuclei. Referring 
again to the circuit of Figure 11-12, one should 
note that direct stimulation of the deep nuclear 
cells by both the climbing and the mossy fibers 
excites them, whereas the signals arriving from 
the Purkinje cells inhibit them. Normally, there 
is a continual balance between these two effects 
so that the degree of output from the deep nu¬ 
clear cell remains relatively constant. On the 
other hand, in the execution of rapid motor 
movements, the timing of the two effects on the 
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deep nuclei is such that the excitation appears 
before the inhibition. Also, the relative balance 
between excitation and inhibition probably 
changes. In this way, very rapid excitatory and 
inhibitory transient signals can be fed back into 
the motor pathways to correct motor move¬ 
ments that are going awry. The inhibitory por¬ 
tions of these signals resemble delay-line nega¬ 
tive feedback signals of the type that are very 
effective in providing damping. That is, when 
the motor system is excited, a negative feed¬ 
back signal occurs after a short delay to stop the 
muscle movement from overshooting its mark, 
the usual cause of oscillation. 

Other Inhibitory Cells in the Cerebellar 
Cortex. In addition to the granule cells and 
Purkinje cells, three other types of neurons are 
also located in the cerebellar cortex: basket 
cells, stellate cells, and Golgi cells. All of these 
are inhibitory cells with very short axons. After 
being excited, they inhibit either the Purkinje 
cells in the case of the stellate and basket cells, 
or the granule cells in the case of the Golgi cells. 
There is a strong possibility that this inhibition 
provides a sharpening of the signal. That is, 
these cells possibly or probably prevent cross¬ 
talk between individual functional units of the 
cerebellum. 

Special Features of the Cerebellar Neuro¬ 
nal Circuit. A special feature of the cerebel¬ 
lum is that there are no reverberatory pathways 
in the cerebellar neuronal circuits, so that the 
input-output signals of the cerebellum are very 
rapid transients that never persist for long 
periods of time. 

Another special feature is that most of the 
cells of the cerebellum are constantly active. 
This is especially true of the deep nuclear cells; 
they continually send output signals to the other 
areas of the motor system. The importance of 
this is that decrease of the nuclear cell firing rate 
can provide an inhibitory output signal from the 
cerebellum, while an increase in firing rate can 
provide an excitatory output signal. 


FUNCTION OF THE CEREBELLUM IN 
VOLUNTARY MOVEMENTS 

The cerebellum functions only in association 
with motor activities initiated elsewhere in the 
central nervous system. These activities may be 
initiated originally in the spinal cord, in the re¬ 
ticular formation, in the basal ganglia, or in the 
major areas of the cerebral cortex. We will dis¬ 
cuss, first, the operation of the cerebellum in 


association with the motor cortex for the con¬ 
trol of voluntary movements. 

Figure 11-13 illustrates the basic cerebellar 
pathways involved in cerebellar control of vol¬ 
untary movements. When motor impulses are 
transmitted from the cerebral cortex downward 
through the pyramidal and extrapyramidal 
tracts to excite the muscles, collateral impulses 
are transmitted simultaneously into the cerebel¬ 
lum through the pontocerebellar and oli¬ 
vocerebellar tracts. Therefore, for every motor 
movement that is performed, not only do the 
muscles receive activating signals, but the cere¬ 
bellum receives similar signals at the same time. 

When the muscles respond to the motor sig¬ 
nals, the muscle spindles, Golgi tendon ap¬ 
paratuses, joint receptors, and other peripheral 
receptors transmit signals upward mainly 
through the spinocerebellar and spino-olivary 
pathways to terminate in the cerebellum. 

After the signals from the periphery and those 
from the motor cortex are integrated, efferent 
impulses are transmitted from the cerebellar 
cortex to the dentate nuclei and thence upward 
through the ventrolateral nuclei of the thalamus 
back to the motor cortex where the stimulus 
first originated. 

“Error Control” by the Cerebellum. One 

will readily recognize that the circuit described 
above represents a complicated feedback cir¬ 
cuit beginning in the motor cortex and also 
returning to the motor cortex. Furthermore, 



Figure 11-13. Pathways for cerebellar “error” control of 
voluntary movements. 
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experiments have shown that the cerebellum 
operates in much the same manner as a servo¬ 
mechanism such as that used in (a) industrial 
control systems, (b) the control system of an 
anti-aircraft gun, or (c) the control system of the 
automatic pilot. That is, the cerebellum seems 
to compare the “intentions” of the cortex with 
the “performance” by the parts of the body, 
and, if the parts are not moving according to the 
intentions of the cortex, the “error” between 
these two is calculated by the cerebellum so 
that appropriate and immediate corrections can 
be made. Thus, if the cortex has transmitted a 
signal intending the limb to move to a particular 
point, but the limb begins to move too fast and 
obviously is going to overshoot the point of in¬ 
tention, the cerebellum can initiate “braking 
impulses” to slow down the movement of the 
limb and stop it at the point of intention. 

Ordinarily, the motor cortex transmits far 
more impulses than are needed to perform each 
intended movement, and the cerebellum there¬ 
fore must act to inhibit the motor cortex at the 
appropriate time after the muscle has begun to 
move. The cerebellum automatically assesses 
the rate of movement and calculates the length 
of time that will be required to reach the point of 
intention. Then appropriate inhibitory impulses 
are transmitted to the motor cortex to inhibit 
the agonist muscle and to excite the antagonist 
muscle. In this way, appropriate “brakes” are 
applied to stop the movement at the precise 
point of intention. 

Experiments have demonstrated two impor¬ 
tant characteristics of the cerebellar feedback 
system: 

1. When a person performs a particular act, 
such as moving a heavy weight rapidly to a new 
position, at first he is unable to judge the degree 
of inertia that will be involved in the movement. 
Therefore, he almost always overshoots the 
point of intention on his first trial. However, 
after several trials, he can stop the movement at 
the precise point. This illustrates that learned 
knowledge of the inertia of the system is an im¬ 
portant feature of the cerebellar feedback 
mechanism, though it is likely that this learning 
occurs in the cerebral cortex rather than in the 
cerebellum. 

2. When a rapid movement is made toward a 
point of intention, the agonist muscle contracts 
strongly throughout the early course of move¬ 
ment. Then, suddenly, shortly before the point 
of intention is reached, the agonist muscle be¬ 
comes completely inhibited while the antagonist 


muscle becomes strongly excited. Furthermore, 
the point at which this reversal of excitation 
occurs depends on the rate of movement and on 
the previously learned knowledge of the inertia 
of the system. The faster the movement and the 
greater the inertia, the earlier the reversal point 
appears in the course of movement. 

Since all these events transpire much too 
rapidly for the motor cortex to reverse the exci¬ 
tation “voluntarily,” it is evident that the exci¬ 
tation of the antagonist muscle toward the end 
of a movement is an entirely automatic and sub¬ 
conscious function and is not a “willed” con¬ 
traction of the same nature as the original con¬ 
traction of the agonist muscle. We shall see 
below that in patients with serious cerebellar 
damage, excitation of the antagonist muscles 
does not occur at the appropriate time but in¬ 
stead always too late. Therefore, it is almost 
certain that one of the major functions of the 
cerebellum is automatic excitation of antagonist 
muscles at the end of a movement while at the 
same time inhibiting agonist muscles that have 
started the movement. 

The “Damping” Function of the Cerebel¬ 
lum. One of the by-products of the cerebellar 
feedback mechanism is its ability to “damp” 
muscular movements. To explain the meaning 
of “damping” we must first point out that es¬ 
sentially all movements of the body are “pendu¬ 
lar.” For instance, when an arm is moved, 
momentum develops, and the momentum must 
be overcome before the movement can be 
stopped. And, because of the momentum, all 
pendular movements have a tendency to over¬ 
shoot. If overshooting does occur in a person 
whose cerebellum has been destroyed, the con¬ 
scious centers of the cerebrum eventually rec¬ 
ognize this and initiate a movement in the oppo¬ 
site direction to bring the arm to its intended 
position. But again the arm, by virtue of its 
momentum, overshoots, and appropriate cor¬ 
rective signals must again be instituted. Thus, 
the arm oscillates back and forth past its in¬ 
tended point for several cycles before it finally 
fixes on its mark. This effect is called an action 
tremor, or intention tremor. 

However, if the cerebellum is intact, appro¬ 
priate subconscious signals stop the movement 
precisely at the intended point, thereby prevent¬ 
ing the overshoot and also the tremor. This is 
the basic characteristic of a damping system. 
All servocontrol systems regulating pendular 
elements that have inertia must have damping 
circuits built into the servomechanisms. In the 
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motor control system of our central nervous 
system, the cerebellum seems to provide much 
of this damping function. 

Relationship of Cerebellar Damping to Damping 
Caused by the Stretch Reflex. The stretch reflex, 
which is strictly a cord reflex, also provides much of 
the damping of body movements, as pointed out in 
Chapter 9. The cerebellar damping mechanism 
seems to be superimposed onto the basic cord damp¬ 
ing mechanism. The muscle spindles excite both 
these functions. Rapid stretch of a muscle transmits 
spindle signals both directly to the anterior moto¬ 
neuron to cause the damping action of the stretch 
reflex and simultaneously to the cerebellum to cause 
additional damping. The cerebellum probably pro¬ 
vides its damping action by transmitting reflex signals 
into the reticular formation and vestibular nuclei and 
thence back down the cord to stimulate or inhibit 
both the alpha and the gamma motoneurons. 

The cerebellar damping mechanism at times sup¬ 
ports the stretch reflex damping system and at other 
times inhibits it, thus illustrating that the cerebellar 
system has considerable latitude of control that 
makes it adaptable to more complex motor activities 
than is true of the stretch reflex. 

Function of the Cerebellum in Predic¬ 
tion. Another important by-product of the 
cerebellar feedback mechanism is its ability to 
help the central nervous system predict the fu¬ 
ture positions of moving parts of the body. 
Without the cerebellum a person “loses” his 
limbs when they move rapidly, indicating that 
feedback information from the periphery prob¬ 
ably must be analyzed by the cerebellum if the 
brain is to keep up with the motor movements. 
Thus, the cerebellum detects from the incoming 
proprioceptive signals the rapidity with which 
the limb is moving and then seems to predict 
from this the projected time course of move¬ 
ment. This allows the cerebellum, operating 
through the cerebellar output circuits to inhibit 
the agonist muscles and to excite the antagonist 
muscles when the movement approaches the 
point of intention. 

Without the cerebellum this predictive func¬ 
tion is so deficient that moving parts of the body 
move much farther than the point of intention. 
This failure to control the distance that the parts 
of the body move is called dysmetria, which 
means simply poor control of the distance of 
movement. As would be expected, dysmetria is 
much more pronounced in rapid movements 
than in slow movements. 

Failure of Smooth ^^Progression of Move¬ 
ments.” One of the most important features of 
normal motor function is one’s ability to pro¬ 
gress from one movement to the next in an or¬ 
derly succession. When the cerebellum be¬ 


comes dysfunctional and the person loses his 
subconscious ability to predict ahead of time 
how far the different parts of his body will move 
in a given time, he becomes unable also to con¬ 
trol the beginning of the next movement. As a 
result, the succeeding movement may begin 
much too early or much too late. Therefore, 
movements such as those required for writing, 
running, or even talking all become completely 
incoordinate, lacking completely in the ability 
to progress in an orderly sequence from one 
movement to the next. 

Extramotor Predictive Functions of the 
Cerebellum. The cerebellum also plays a role 
in predicting other events besides simply 
movements of the body. For instance, the rates 
of progression of both auditory and visual 
phenomena can be predicted. As an example, a 
person can predict from the changing visual 
scene how rapidly he is approaching an object. 
A striking experiment that demonstrates the 
importance of the cerebellum in this ability is 
the effect of removing the “head” portion of the 
cerebellum in monkeys. Such a monkey occa¬ 
sionally charges the wall of a corridor and liter¬ 
ally bashes its brains out because it is unable to 
predict when it will reach the wall. 

Unfortunately, we are only now beginning to 
learn about these extramotor predictive func¬ 
tions of the cerebellum. It is quite possible that 
the cerebellum provides a “time base” against 
which signals from other parts of the central 
nervous system can be compared. It is often 
stated that the cerebellum is especially impor¬ 
tant in interpreting spatiotemporal relationships 
in sensory information. 

FUNCTION OF THE CEREBELLUM IN 
INVOLUNTARY MOVEMENTS 

The cerebellum functions in involuntary, subcon¬ 
scious, or postural movements in almost exactly the 
same manner as it does in voluntary movements ex¬ 
cept that slightly different pathways are involved, as 
shown in Figure 11-14. The extrapyramidal signals 
that originate in the motor cortex, basal ganglia, or 
reticular formation to cause involuntary movements 
pass mainly into the inferior olive and thence into the 
cerebellum, primarily to the paleocerebellum. Then 
as the muscle movements occur, proprioceptive in¬ 
formation from the muscles, joints, and other 
peripheral parts of the body passes to the cerebellum, 
thus providing the same type of “error” control for 
involuntary movements as is provided for voluntary 
movements, as discussed above. Signals then feed 
from the cerebellum back to the motor cortex, basal 
ganglia, and reticular formation. They feed back into 
the basal ganglia mainly by way of the emboli form 
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Figure 11-14. Pathways for cerebellar “error” control of 
involuntary movements. 


nuclei, then upward through the centromedian nuclei 
of the thalamus, and thence into the putamen. 

One of the principal pathways through which cor¬ 
rective signals are transmitted to the muscles is re¬ 
ticulospinal fibers that control the gamma efferent 
system to the muscle spindles. Indeed, the cerebel¬ 
lum is one of the most powerful of all the activators 
of this system, which indicates a special importance 
of the gamma efferents in cerebellar functions. 

Function of the Cerebellum for Control of Spinal 
Reflex Movements. Even movements elicited by 
spinal reflexes are modified to some extent by the 
cerebellum. For instance, in the absence of the cere¬ 
bellum, sudden movement of a limb by some ex¬ 
traneous force is met with almost no resistance, but 
in the presence of the cerebellum the stretch reflexes 
oppose the movement almost instantaneously. Thus, 
the cerebellum, operating through a cerebellar- 
reticular feedback system, greatly enhances the 
power of the spinal stretch reflex. 

On the other hand, many movements integrated in 
the spinal cord, such as scratching and cleaning of 
the face with the paws, can be performed completely 
coordinately in the absence of a cerebellum. 

FUNCTION OF THE CEREBELLUM IN 
EQUILIBRIUM 

In the discu ssion of the vestibular apparatus and of 
the mechanism of equilibrium in Chapter 10, it was 


pointed out that the flocculonodular lobes of the 
cerebellum are required for proper integration of the 
equilibratory impulses. Removal of the nodulus in 
particular causes almost complete loss of equilib¬ 
rium, and removal of the flocculus causes temporary 
loss. The symptoms of mal-equilibrium are essen¬ 
tially the same as those that result from destruction 
of the semicircular canals. This indicates that these 
areas of the cerebellum are particularly important for 
integration of changes in direction of motion as de¬ 
tected by the semicircular canals, but not so impor¬ 
tant for integrating static signals of equilibrium from 
the maculae in the utricles and saccules. This is in 
keeping with the other functions of the cerebellum; 
that is, the seniicircular canals allow the central 
nervous system to predict ahead of time that rota¬ 
tional movements of the body are going to cause 
mal-equilibrium, and this predictive function causes 
appropriate muscles to contract to prevent the per¬ 
son from losing equilibrium even before this state 
develops. This is very much the same as the predic¬ 
tive function of the cerebellum for coordination of 
rapid voluntary movements. 

CLINICAL ABNORMALITIES OF THE 
CEREBELLUM 

Destruction of small portions of the cerebellar cor¬ 
tex causes no detectable abnormality in motor func¬ 
tion. In fact, several months after as much as half the 
cerebellar cortex has been removed, the motor func¬ 
tions appear to be almost entirely normal—but only 
as long as the person performs all movements very 
slowly. Thus, the remaining areas of the cerebellum 
compensate tremendously for loss of part of the 
cerebellum. 

To cause serious and continuous dysfunction of 
the cerebellum, the cerebellar lesion must usually in¬ 
volve the deep cerebellar nuclei—the dentate, em- 
boliform, globose, and fastigial niiclei-as well as the 
cerebellar cortex. 

Dysmetria and Ataxia. Two of the most impor¬ 
tant symptoms of cerebellar disease are dysmetria 
and ataxia. It was pointed out above that in the ab¬ 
sence of the cerebellum a person cannot predict 
ahead of time how far his movements will go. There¬ 
fore, the movements ordinarily overshoot their in¬ 
tended mark. This effect is called dysmetria, and it 
results in incoordinate movements which are called 
ataxia. 

Dysmetria and ataxia can also result from lesions 
in the spinocerebellar tracts, for the feedback infor¬ 
mation from the moving parts of the body is essential 
for accurate control of the muscular movements. 

Past Pointing. Past pointing means that in the ab¬ 
sence of the cerebellum a person ordinarily moves 
his hand or some other moving part of his body con¬ 
siderably beyond the point of intention. This proba¬ 
bly results from the following effect: The motor cor¬ 
tex normally transmits more impulses to the muscles 
to perform a given motor function than are actually 
needed. The cerebellum automatically corrects this 
by inhibiting the movement after it has begun. How- 
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ever, if the cerebellum is not available to cause this 
inhibition, the movement ordinarily goes far beyond 
the intended point. Therefore, past pointing is actu¬ 
ally a manifestation of dysmetria. 

Failure of Progression. Dysdiadochokinesia. 
When the motor control system fails to predict ahead 
of time where the different parts of the body will be at 
a given time, it temporarily “loses” the parts during 
rapid motor movements. As a result, the succeeding 
movement may begin much too early or much too 
late so that no orderly “progression of movement” 
can occur. One can demonstrate this readily in a pa¬ 
tient with cerebellar damage by having him turn one 
of this hands upward and downward at a rapid rate. 
He rapidly “loses” his hand and does not know its 
position during any portion of the movement. As a 
result, a series of jumbled movements occurs instead 
of the normal coordinate upward and downward mo¬ 
tions. This is called dysdiadochokinesia. 

Dysarthria. Another instance in which failure of 
progression occurs is in talking, for the formation of 
words depends on rapid and orderly succession of 
individual muscular movements in the larynx, 
mouth, and respiratory system. Lack of coordination 
between these and inability to predict either the in¬ 
tensity of the sound or the duration of each succes¬ 
sive sound cause jumbled vocalization, with some 
syllables loud, some weak, some held long, some 
held for a short interval, and resultant speech that is 
almost completely unintelligible. This is called dysar¬ 
thria. 

Intention Tremor. When a person who has lost 
his cerebellum performs a voluntary act, his muscu¬ 
lar movements are jerky; this reaction is called an 
intention tremor or an action tremor, and it results 
from failure of the cerebellar system to damp the 
motor movements. Tremor is particularly evident 
when the dentate nuclei or the brachium conjunc- 
tivum is destroyed, but it is not present when the 
spinocerebellar tracts from the periphery to the cere¬ 
bellum are destroyed. This indicates that the feed¬ 
back pathway from the cerebellum to the motor cor¬ 
tex is a principal pathway for damping of muscular 
movements. 

Cerebellar Nystagmus. Cerebellar nystagmus is a 
tremor of the eyeballs that occurs usually when a 
person attempts to fixate his eyes on a scene to the 
side of this head. This off-center type of fixation re¬ 
sults in rapid tremorous movements of the eyes 
rather than a steady fixation, and it is probably 
another manifestation of the failure of damping by 
the cerebellum. It also occurs especially when the 
flocculonodular lobes are damaged; and in this in¬ 
stance it is associated with loss of equilibrium, pre¬ 
sumably because of dysfunction of the pathways 
through the cerebellum from the semicircular canals. 
Nystagmus resulting from damage to the semicircular 
canals was discussed in Chapter 10. 

Rebound. If a person with cerebellar disease is 
asked to contract his arm tightly while the physician 
holds it back at first and then lets go, the arm will fly 
back until it strikes the face instead of being automat¬ 
ically stopped. This is called rebound, and it results 


from loss of the cerebellar component of the stretch 
reflex. That is, the normal cerebellum ordinarily in¬ 
stantaneously and powerfully sensitizes the spinal 
cord reflex mechanism whenever a portion of the 
body begins to move unexpectedly in an unwilled 
direction. But, without the cerebellum, activation of 
the antagonist muscles fails to occur, thus allowing 
over-movement of the limb. 

Hypotonia. Loss of the deep cerebellar nuclei, 
particularly the dentate nuclei, causes moderate de¬ 
crease in tone of the peripheral musculature on the 
side of the lesion, though after several months the 
motor cortex usually compensates for this by an in¬ 
crease in its intrinsic activity. The hypotonia results 
from loss of facilitation of the motor cortex by the 
tonic discharge of the dentate nuclei. 

SENSORY FEEDBACK CONTROL 
OF MOTOR FUNCTIONS 

Everyone who has ever studied the relation¬ 
ship of the somatic sensory areas to the motor 
areas of the cortex has been impressed by the 
close functional interdependence of the two 
areas. Anatomically, the characteristic pyrami¬ 
dal cells of the motor cortex extend backward 
into the anterior lip of the postcentral gyrus 
where they intermingle with the large numbers 
of granule cells of the somatic sensory cortex. 
Likewise, the granule cells of the sensory cor¬ 
tex extend anteriorly into the precentral gyrus, 
the area pyramidalis. Thus the two areas fade 
i nto each other with many somatic senso ^ 
fibers actually terminating d irectly in the motor 
rnrtPY aruj rqntnr «^i gnaB Oflg lliaillig ill 

sensorjL-Qoi^x. ^ — 

Furthermore, when a portion of the somatic 
sensory cortex in the postcentral gyrus is re¬ 
moved, the muscles controlled by the motor 
cortex immediately anterior to the removed 
area often lose much of their coordination. This 
observation illustrates that the somatic sensory 
area plays a major role in the control of motor 
functions. The overall mechanism by which 
sensory feedback plays this role has been pos¬ 
tulated to be the following: 

THE SENSORY ^^ENGRAM'^ FOR MOTOR 
MOVEMENTS 

A person performs a motor movement mainly 

to acnieve a purpose, li is primarily in the seii- 

'sory and sensory association areas that he ex¬ 
periences effects of motor movements and re¬ 
cords “memories” of the different patterns of 
motor movements. These are called sensoi; y 
pngrqrris of the motor movemen ts. When he 
* wishes to achieve some purposeiul act, he pre¬ 
sumably calls forth one of these engrams and 
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then sets the motor system of the brain into 
action to reproduce the sensory pattern that is 
laid down in the engram. 

The Proprioceptor Feedback Servomech¬ 
anism for Reproducing the Sensory En¬ 
gram. From the earlier discussion of cerebel¬ 
lar function, it is clear how proprioceptor 
signals from the periphery can affect motor ac¬ 
tivity. However, in addition to the feedback 
pathways through the cerebellum, more slowly 
acting feedback pathways also pass from pro¬ 
prioceptors to the sensory areas of the cerebral 
cortex and thence back to the motor cortex. 
Each of these feedback pathways is capable of 
modifying the motor response. For instance, if a 
person learns to cut with scissors, the move¬ 
ments involved in this process cause a particu¬ 
lar sequential pattern of proprioceptive im¬ 
pulses to pass to the somatic sensory area. 
Once this pattern has been ‘Teamed’’ _bv -J±ie- 
sensory cortex, the memory engram of the pat ¬ 
tern can be used to activate the nK itxu:-s^t&m-to 
perform the same sequential pattern whenever 


It IS required. 

To do this, the proprioceptor signals from the 
fingers, hands, and arms are compared with the 
engram, and if the two do not match each other, 
the difference, called the “error,” supposedly 
initiates additional motor signals that automati¬ 
cally activate appropriate muscles to bring the 
fingers, hands, and arms into the necessary se¬ 
quential attitudes for performance of the task. 
Each successive portion of the engram presum¬ 
ably is projected according to a time sequence. 
anclThe motor control svstem-auJxirQm icalfw^- 
lows from one point to the next so__that the 
fingers go through the precise motions neces¬ 
sary to duplicate exactly the sensory engram of 
the moi Qr^a G ti A^t f V . 

Thus, one can see that th e motor system in^ 
t his case actually acts as a servQin &Ghanifcm..fo r 
it IS not the motor cortex itself that controls the ) 
pa ttern of activity to be accomplished . Instead, 
the pattern is located irL-the sensoiw nart-o Lfhe 
br ain, and the motor system merely “folJo:w s ’ ’ 
the pattern, winch is the definition of a^^r- 


vomechanism . If ever the motor system failsv fo 
f dlow the pafton~^nsjQOL signals are fed 
^ the cer^ral cortex to apprise the sensoriujj i 
of iJii s^failiire and appropriate corrective sj g- 
tr^nsnuF cd-fo the muscies . 

Other sensory signals besides somesthetic 
signals are also involved in motor control, par¬ 
ticularly visual signals. However, these other 
sensory systems are often slower to recognize 
error than is the somatic proprioceptor system. 
Therefore, when the sensory engram depends 


on visual feedback for control purposes, the 
motor movements are usually considerably 
slowed in comparison with those that depend on 
somatic feedback. 

An extremely interesting experiment that 
demonstrates the importance of the sensory en¬ 
gram for control of motor movements is one in 
which a monkey has been trained to perform 
some complex activity and then various por¬ 
tions of his cortex are removed. Removal of 
small portions of the motor cortex that control 
the muscles normally used for the activity does 
not prevent the monkey from performing the 
activity. Instead he automatically uses other 
muscles in place of the paralyzed ones to per¬ 
form the same activity. On the other hand, if the 
corresponding somatic sensory cortex is re¬ 
moved but the motor cortex is left intact, the 
monkey loses all ability to perform the activity. 
Thus, this experim ent demonstrates that the 
motor system acts automatically as a seT - 

vomechan ism to use whatever are 

availapie to IoIIow the pattern of the sensor y 
engram. and if some muscles are missing, otn ef 

Thuscles are substituted automatical ly. The ex- 

periment also demonstrates forcefully that the 
somatic sensory cortex is essential to at leas t 
some types of “l earned motor pertormance.^ 

ESTABLISHMENT OF SKILLED^’ 

MOTOR PATTERNS 

Many motor activities are performed so 
rapidly that there is insufficient time for sensory 
feedback signals to control these activities. Eor 
instance, the movements of the fingers during 
typing occur much too rapidly for somatic sen¬ 
sory signals to be transmitted either to the 
somatic sensory cortex or even directly to the 
motor cortex and for these then to control each 
discrete movement. It is believed that the pat¬ 
terns for control of these rapid coordinate mus¬ 
cular movements are established in the motor 
system itself, probably involving complex c ir¬ 
cuitry in the primary motor cortex, the so-calle d 
premotor area of the_cortex. the basal gangli a, 
and even the cerebellum . Indeed, lesions in any 
of these areas can destroy one’s ability to per¬ 
form rapid coordinated muscular contractions, 
such as those required during the act of typing, 
talking, or writing by hand. 

Role of Sensory Feedback During Estab¬ 
lishment of the Rapid Motor Patterns. Even 
a highly skilled motor activity can be performed 
the very first time if it is performed extremely 
slowly—slowly enough for sensory feedback to 
guide the movements through each step. How¬ 
ever, to be really useful, many skilled motor 



































































CORTICAL AND CEREBELLAR CONTROL OF MOTOR FUNCTIONS 


173 


activities must be performed rapidly. This 
probably is_ach ieved hv sii^.cessIyi^-_ _Derform - 

ance of the same skilled activity until finally an 

_engram of the skilled activity is laid down in the 
^motor systemlas well as m the[sensory svsteru) 

ITus motor engram causes a precise set of mus¬ 

cles to go through a specific sequence of move¬ 
ments required to perform the skilled activity. 
T herefore, such an engram is called a vattprn of 

skilled motor function, and the motor areas are 

namanlv concern ed with this. 

After a person has performed a skilled activ¬ 
ity many times, the motor pattern of this activ¬ 
ity can thereafter cause the hand or arm or other 
part of the body to go through the same pattern 
of activity again and again, now entirely without 
sensory feedback control, . However, even 
though sensory feedback control is no longer 
present, the sensory system still determines 
whether or not the act has been performed cor¬ 
rectly. This determination is made in retrospect 
rather than while the act is being performed. !£ 
the pattern has not been performed cojxe.ciLv . 
ill form atlorL^from the sensory system s_up - 

posedlv can help to correct the pattern the next 

time it is performed./ 

Thus, eventually, hundreds of patterns of dif¬ 
ferent coordinate movements are laid down in 
the motor system, and these can be called upon 
one at a time in different sequential orders to 
perform literally thousands of complex motor 
activities. 

An interesting experiment that demonstrates 
the applicability of these theoretical methods of 
muscular control is one in which the eyes are 
made to “follow” an object that moves around 
and around in a circle. At first, the eyes can 
follow the object only when it moves around the 
circle slowly, and even then the movements of 
the eyes are extremely jerky. Thus, sensory 
feedback is being utilized to control the eye 
movements for following the object. However, 
after a few seconds, the eyes begin to follow the 
moving object rather faithfully, and the rapidity 
of movement around the circle can be increased 
to many times per second, and still, the eyes 
continue to follow the object. Sensory feedback 
control of each stage of the eye movements at 
these rapid rates would be completely impossi¬ 
ble. Therefore, by this time, the eves have de-. 
veloped a pattern of movement that is not de^ 
pendenL upon step -by-step sensory feedbackT 
Nevertheless, if the eves should tail to toHoY 
tf^e-o b ie ^ t- ap guji dDhe circle, the sensory syste m 
would imiT|edipitely become aware of this and^ 
prem m ahiv could make c orrections in th^s^at- 
tern of movemenU 


EFFECT OF DIFFERENT MUSCULAR 
LOADS ON THE PERFORMANCE OF 
SKILLED MOTOR ACTIVITIES 

All of us know that a person can move his 
hand around and around in a circle whether the 
hand be empty or loaded with a 10-pound 
weight. That is, the load makes little difference 
in the faithfulness of performance of the re¬ 
quired activity. The reason for this is that the 
motor activity is probably controlled by a servo 
feedback mechanism that monitors the per¬ 
formance of the motor act constantly, and, if 
the performance is not according to the sensory 
engram of the required movement, appropriate 
“error” signals are automatically transmitted 
into the motor system to achieve the desired 
result. One can see, therefore, the practical sig¬ 
nificance of the servomechanism type of control 
of muscular activity. 

Unfortunately, we still do not know all the 
neuronal circuitry that allows the pattern of 
movement to be dissociated from the muscle 
load. If the motor activity is performed very 
slowly, obviously feedback through the sensory 
cortex can provide adjustment of muscle forces 
so that the effects of load can be compensated. 
After a pattern of motor function has been es¬ 
tablished, however, precise patterns can be ex¬ 
ecuted entirely subconsciously, despite widely 
varying loads. Even after loss of the cerebellum 
this can still be achieved, though not very well 
for rapid movements. Therefore, by the process 
of elimination, we can perhaps point to the 
basal ganglia as likely maiQiLC .QimQnejiLs^^ 
servomechanism for dissociating load from . 
muscle performanc e. Another reason for im¬ 
plicating the basal ganglia is that their circuitr y 
is ideally organized for this purpose, having 
tremendous num bers of interlacing feedback 
"^thways and also receiving strong feedback, 
sensory signals from all parts of the-bo dv. This, 
however, is entirely hypothetical, though it is 
an approach to one of the most important ques¬ 
tions in the field of motor neurophysiology. 

INITIATION OF VOLUNTARY 
MOTOR ACTIVITY 

Because of the spectacular properties of the 
primary motor cortex and of the instantaneous 
muscle contractions that can be achieved by 
stimulating this area, it has become customary 
to think that the initial brain signals that elicit 
voluntary muscle contractions begin in the pri¬ 
mary motor cortex. However, this almost cer¬ 
tainly is far from the truth. Indeed, experiments 



















































174 


THE NERVOUS SYSTEM 


have -shown t hat the cerebellum and the basal 
ganglia are activated at almost exactly the same 

hme that the motor cortex is activated, and ^ 

of these are activated even before the voluntary 

movement occurs . Furthermore, there is no 

known mechanism by which the motor cortex 
can conceive the entire sequential pattern that 
is to be achieved by the motor movements. 

Therefore, we are left with an unanswered 
question: What is the locus of the initiation of 
voluntary motor activity? In the following chap¬ 
ter we will learn that the reticular formation of 
the brain stem and much of the thalamus play 
essential roles in activating all other parts of the 
brain. Therefore, it is very likely that thes e 
areas provide the initial signals that lead to sub^ 
sequent actryTty* m the motor cortex, the basal 

Anglia, a nd the cerebellum at the onset of vol¬ 

untary moveme nt. Here again, we come lor'a 
circular question: What is it that initiates the 
activity in the brain stem and the thalamus? We 
do know part of the answer to this: The_actLV-ily 
is initiated bw_continual sensory input into these 
areas, including sensory input from tlie— 
ripheral receptors of the body and from the cor¬ 
tical sensory storage, or memory, areas. Much 
of motor activity is almost reflex in natur.e _Qc- 
curring instantly f^fter an incoming SL&ri.& Q£V-iiig- 
nal from the periphery . But so-called voluntary 
activity occurs minutes, hours. or_e_ven_d a.ys 
after the initiating sensooL Jftmrt.—aTfceF-anal- 

v sis. storage of memories_recall of the 

memories, and finally initiation of a motor re- 
sp£m^©-rWe shall see in Chapter 13 that the con¬ 
trol of motor activity is strongly influenced by 
these prolonged procedures of cerebration. Fur¬ 
thermore, damage to the essential areas of the 
cerebral cortex for analysis of sensory informa¬ 
tion leads to serious deficits and abnormalities 
of voluntary muscle control. 

Therefore, for the present, let us conclude 
that the i mmediate energy f or eliciting volun- 
tary motor activity probably comes Trom the 
basal regions of the brain. These, in turn, are 

imder__the control of the different sensory in ¬ 

puts. the memory storage areas, and the as - 
soriated areas of th e brain that are de^Lo ted to. 

the processes of analysis, a mechanism fre¬ 
quently called cerebration. ~ 
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Activation of the Brain—^the Reticular 
Activating System; the Diffuse 
Thalamocortical System; Brain Waves; 
Epilepsy; Wakefulness and Sleep 


In the previous chapters of this section on 
neurophysiology we have discussed, first, the 
somatic sensory mechanisms of the nervous 
system and, second, the motor mechanisms. In 
the present chapter we will consider the func¬ 
tions of the reticular activating system, a sys¬ 
tem that controls the overall degree of central 
nervous system activity, including control of 
wakefulness and sleep, and control of at least 
part of our ability to direct attention toward 
specific areas of our conscious minds. 

Figure 12-1A illustrates the extent of this sys¬ 
tem, showing that it begins in the lower brain 
stem and extends upward through the mesen¬ 
cephalon and thalamus to be distributed 
throughout the cerebral cortex. Impulses are 
transmitted from the ascending reticular activat¬ 
ing system to the cortex by two different path¬ 
ways. One pathway passes upward from the 
brain stem portion of the reticular formation to 
the intralaminar, midline, and reticular nuclei of 
the thalamus and thence through diverse path¬ 
ways to essentially all parts of the cerebral cor¬ 
tex as well as the basal ganglia. A second and 
probably much less important pathway is 
through the subthalamic, hypothalamic, and ad¬ 
jacent areas. 


FUNCTION OF THE RETICULAR 
ACTIVATING SYSTEM IN 
WAKEFULNESS 

Diffuse electrical stimulation in the mesen¬ 
cephalic, pontile and upper medullary portions 
of the reticular formation —an area also called 
the bulboreticular facilitatory area and dis¬ 
cussed in Chapter 10 in relation to the motor 
functions of the nervous system—causes im¬ 
mediate and marked activation of the cerebral 
cortex and even causes a sleeping animal to 
awaken instantaneously. Furthermore, when 
this brain stem portion of the reticular forma¬ 
tion is damaged severely, as occurs (a) when a 
brain tumor develops in this region, (b) when 
serious hemorrhage occurs, or (c) in diseases 
such as encephalitis lethargica (sleeping sick¬ 
ness), the person passes into coma and is com¬ 
pletely nonsusceptible to normal awakening 
stimuli. 

Function of the Brain Stem Portion of the Re¬ 
ticular Activating System. Electrical stimuli 
applied to different portions of the reticular ac¬ 
tivating system have shown that the brain stem 
portion functions quite differently from the 
thalamic portion. Electrical stimulation of the 
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Figure 12-1. (A) The ascending re¬ 

ticular activating system schematically 
projected on a monkey brain. (From 
Lindsley: Reticular Formation of the 
Brain. Little, Brown and Co.) (B) Con¬ 
vergence of pathways from the cerebral 
cortex and from the spinal afferent sys¬ 
tems on the reticular activating system. 
(From French, Hernandez-Peon, and 
Livingston: /. Neurophysiol., 18:74, 
1955.) 


brain stem portion causes generalized activa¬ 
tion of the entire brain, including activation of 
the cerebral cortex, thalamic nuclei, basal gan¬ 
glia, hypothalamus, other portions of the brain 
stem, and even the spinal cord. Furthermore, 
once the brain stem portion is stimulated, the 
degree of activation throughout the nervous 
system remains high for as long as a half minute 
or more after the stimulation is over. Therefore, 
it is believed that the brain stem portion of the 
reticular activating system is basically respon¬ 
sible for normal wakefulness of the brain. 

Function of the Thalamic Portion of the Ac¬ 
tivating System. Electrical stimulation in dif¬ 
ferent areas of the thalamic portion of the ac¬ 


tivating system (if the stimulation is not too 
strong) activates specific regions of the cerebral 
cortex more than others. This is distinctly 
different from stimulation in the brain stem por¬ 
tion, which activates all the brain at the same 
time. Therefore, it is believed that the thalamic 
portion of the activating system has two specific 
functions: first, it relays most of the diffuse 
facilitatory signals from the brain stem to all 
parts of the cerebral cortex to cause generalized 
activation of the cerebrum; second, stimulation 
of selected points in the thalamic activating sys¬ 
tem causes specific activation of certain areas of 
the cerebral cortex in distinction to the other 
areas. This selective activation of specific corti- 
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cal areas possibly or probably plays an impor¬ 
tant role in our ability to direct our attention to 
certain parts of our mental activity, which is 
discussed later in the chapter. 

THE AROUSAL REACTION—SENSORY 
ACTIVATION OF THE RETICULAR 
ACTIVATING SYSTEM 

When an animal is asleep, the level of activity 
of the reticular activating system is greatly de¬ 
creased; yet almost any type of sensory signal 
can immediately activate the system. For in¬ 
stance, proprioceptive signals from the joints 
and muscles, pain impulses from the skin, vis¬ 
ual signals from the eyes, auditory signals from 
the ears, or even visceral sensations from the 
gut can all cause sudden activation of the reticu¬ 
lar activating system and therefore arouse the 
animal. This is called the arousal reaction. 

Some types of sensory stimuli are more po¬ 
tent than others in eliciting the arousal reaction, 
the most potent being pain and proprioceptive 
somatic impulses. 

Anatomically, the reticular formation of the 
brain stem is admirably constructed to perform 
the arousal functions. It receives tremendous 
numbers of signals either directly or indirectly 
from the spinoreticular tracts, the spi¬ 
nothalamic tracts, the spinotectal tracts, the 
auditory tracts, the visual tracts, and others, so 
that almost any sensory stimulus in the body 
can activate it. The reticular formation in turn 
can transmit signals both upward into the brain 
and downward into the spinal cord. Indeed, 
many of the fibers originating from cells in the 
reticular formation divide, with one branch of 
the fiber passing upward and the other branch 
passing downward, as was explained in Chapter 
10 . 

STIMULATION OF THE RETICULAR 
ACTIVATING SYSTEM BY 
THE CEREBRAL CORTEX 

In addition to activation of the reticular ac¬ 
tivating system by sensory impulses, the cere¬ 
bral cortex can also stimulate this system. Di¬ 
rect fiber pathways pass into the reticular ac¬ 
tivating areas, as shown in Figure 12-1B, from 
almost all parts of the cerebrum but particularly 
from (1) the sensorimotor cortex of the pre- and 
postcentral gyri, (2) the frontal cortex, (3) the 
cingulate gyrus, (4) the hippocampus and other 
structures of the rhinencephalon, (5) the hypo¬ 
thalamus, and (6) the basal ganglia. Because of 


an exceedingly large number of nerve fibers that 
pass from the motor regions of the cerebral cor¬ 
tex to the reticular formation, motor activity in 
particular is associated with a high degree of 
wakefulness, which partially explains the im¬ 
portance of movement to keep a person awake. 
However, intense activity of any other part of 
the cerebrum can also activate the reticular ac¬ 
tivating system and consequently can cause a 
high degree of wakefulness. 


THE DIFFUSE 

THALAMOCORTICAL SYSTEM 

At this point it is important that we explain 
some of the interrelationships between the 
thalamus and the cerebral cortex. The thalamus 
is the main entryway for essentially all sensory 
nervous signals to the cortex, with the excep¬ 
tion of signals from the olfactory system. In 
Chapters 7 and 8 we have already discussed 
the transmission of the somatic signals thiough 
the thalamus to the cerebral cortex, and we 
shall see in Chapters 18, 19, and 20 that all the 
signals from the visual, auditory, and taste sys¬ 
tems are also relayed through the thalamus be¬ 
fore reaching the cortex. In the following chap¬ 
ter we shall discuss the two-way communica¬ 
tion between essentially all parts of the cerebral 
cortex and the thalamus. For all of these func¬ 
tions of the thalamus, there are very definite 
nuclei that are called the specific nuclei of the 
thalamus; the combination of these nuclei and 
their connecting areas in the cortex is called the 
specific thalamocortical system. It is this sys¬ 
tem of which we usually speak when we discuss 
the transmission of sensory information into the 
cerebral cortex. 

In addition to the specific thalamocortical 
system, there is a separate system, partially 
separated from the specific system, called the 
diffuse thalamocortical system, or the gen¬ 
eralized thalamocortical system, or the non¬ 
specific thalamocortical system. This system is 
subserved by diffuse thalamic nuclei and also 
by diffuse fiber projections from the thalamus to 
the cortex. In general, the thalamic neurons of 
this system are not collected into discrete nuclei 
as are the neurons of the specific system. In¬ 
stead, they lie mainly between the specific nu¬ 
clei or on the outer surface of the thalamus; 
they are divided into three separate groups: (1) 
the intralaminar nuclei, which are diffuse col¬ 
lections of neurons that lie in the middle of the 
thalamic mass between the specific nuclei; (2) 
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the midline nuclei, which are small collections 
of neurons in the midline of the thalamus where 
the two halves of the thalamus come together 
and which seem to have little organization; and 
(3) the reticular nuclei of the thalamus, which 
form a thin shell of diffuse neurons that lies over 
the surface of the thalamus and through which 
all the pathways from the thalamus to the cere¬ 
bral cortex must pass. All of these nuclei make 
multiple connections with the specific thalamic 
nuclei. They also project very small fibers to all 
parts of the cerebral cortex, with the exception 
of small portions of the temporal lobes that are 
mainly associated with the limbic system, a 
very old part of the brain which plays major 
roles in behavior, emotions, and so forth as will 
be discussed in Chapter 14. 

The diffuse system of the thalamus is con¬ 
tinuous with the upper end of the reticular for¬ 
mation in the brain stem and receives much of 
its input from this source. However, it is also an 
important terminus of one of the very important 
somatic sensory pathways, the paleo- 
spinothalamic pathway for pain —the pathway 
that transmits the intolerable type of burning, 
aching pain. This is the same pathway that 
tram mits the major sensory signals into much 
of the reticular formation of the brain stem as 
well. 

Control Functions of the Diffuse Thal¬ 
amocortical System. One can well under¬ 
stand from the above description of the diffuse 
thalamic nuclei that they lie in propitious loca¬ 
tions for affecting the levels of activity of all of 
the specific nuclei of the thalamus. It is also 
clear that they are properly located to relay con¬ 
trol functions from the brain stem reticular for¬ 
mation to the cerebrum, and that they in turn 
can receive much helpful input information 
from the specific nuclei of the thalamus. Per¬ 
haps most important of all, however, is that 
these nuclei have a specific capability to control 
the level of activity of the entire cerebral cortex 
itself; this is mediated by signals that play on 
the cerebral cortex through the diffuse thal¬ 
amocortical projections. 

Effect of the Diffuse Thalamic System on 
Cortical Activity. Activation of the cortex by 
the diffuse thalamic system is entirely different 
from activation by the specific system. Some of 
the differences are the following: 

1. Stimulation of a specific thalamic nucleus 
activates the cortex within 1 to 2 milliseconds, 
whereas stimulation of the diffuse system 
causes no activation for approximately the first 
25 milliseconds. The activation level builds up 
over a period of several hundred milliseconds if 
the stimulation is continued. 


2. At the end of stimulation of the thalamus, 
the activation of the cortex by the specific nu¬ 
clei dies away within another few milliseconds, 
whereas the activation by the diffuse system 
sometimes continues as an “after-discharge” 
for as long as 30 seconds. 

3. Signals from the specific nuclei to the cor¬ 
tex activate mainly layer IV of the cortex, as 
was explained in Chapter 7, whereas activa¬ 
tion of the diffuse thalamic system activates 
mainly layers I and II of the cortex. Since this 
latter activation is prolonged and because layers 
I and II are the loci of many of the dendrites of 
the deeper cortical neurons, it is supposed that 
the stimulation by the diffuse thalamic system 
mainly causes partial depolarization of large 
numbers of dendrites near the surface of the 
cortex; this in turn causes a generalized in¬ 
crease in the degree of facilitation of the cortex. 
When the cortex is thus facilitated by the dif¬ 
fuse thalamic system, specific signals that enter 
the cortex from other sources are exuberantly 
received. 

Figure 12-2 illustrates the major differences 
between the specific and the diffuse thal¬ 
amocortical systems. It shows the response of 
the visual cortex to (a) stimulation of a specific 
thalamic nucleus, and (b) stimulation of the dif¬ 
fuse thalamocortical system. In the upper rec¬ 
ord, elicited by stimulation of the lateral genicu¬ 
late body, the specific nucleus for vision, the 
response occurred within a few milliseconds 
after the stimulus. Also, it began with a record 
below the line, indicating positivity on the sur¬ 
face of the cortex; this is the type of record that 
occurs when the deeper layers of the cortex are 
stimulated first—in this case, layer IV of the 
cortex. In the lower record, the stimulus was 
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Figure 12-2. Comparison of the response of the visual 
cortex following stimulation of the lateral geniculate 
body (record A), which is part of the specific thalamocor¬ 
tical system, with the response of the visual cortex follow¬ 
ing stimulation of the visual portion of the diffuse 
thalamocortical system (record B). Note in record B the 
long latent period before appearance of the diffuse re¬ 
sponse and also the prolonged duration of the response. 
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applied to the visual region of the diffuse 
thalamic nuclei. Note the very long latent 
period, the long response, and the fact that the 
response is entirely above the line (indicating 
negativity) which means that the superficial 
layers of the cortex were stimulated by this sig¬ 
nal. 

Another feature of stimulation of the diffuse 
system is the phenomenon called the recruiting 
response. When this system is stimulated re¬ 
petitively at a frequency of about 10 to 12 cycles 
per second, the first response is relatively weak, 
the second a little stronger, the third still 
stronger, and so forth, the response becoming 
considerably stronger for the first 4 to 10 
stimuli. That is, the system “recruits” more 
and more cortical synapses into the pattern of 
response with the repetitive stimulation. 

In summary, the diffuse thalamocortical sys¬ 
tem controls the overall degree of activity of the 
cortex. It probably can at times facilitate activ¬ 
ity in regional areas of the cortex distinct from 
the remainder of the cortex. Collateral signals 
control the level of activity in the specific nuclei 
of the thalamus, the basal ganglia, the hypo¬ 
thalamus, and other structures of the cerebrum 
as well. 


ATTENTION 

So long as a person is awake, he has the abil¬ 
ity to direct his attention to specific aspects of 
his mental environment. Furthermore, his de¬ 
gree of attention can change remarkably from 
(a) almost no attention at all to (b) broad atten¬ 
tion to almost everything that is going on, or to 
(c) intense attention to a minute facet of his 
momentary mental experience. 

Unfortunately, the basic mechanisms by 
which the brain accomplishes its diverse acts of 
attention are not known. However, a few clues 
are beginning to fall into place, as follows: 

Brain Stem Control of Overall Attentive¬ 
ness. In exactly the same way that a person 
can change from a state of sleep to a state of 
wakefulness, there can be all degrees of wake¬ 
fulness, from wakefulness in which a person is 
nonattentive to almost all his surroundings to an 
extremely high degree of wakefulness in which 
the person reacts instantaneously to almost any 
sensory experience. These changes in degree of 
overall attentiveness seem to be caused primar¬ 
ily by changes in activity of the brain stem por¬ 
tion of the reticular activating system. Thus, 
control of the general level of attentiveness is 


probably exerted by the same mechanism that 
controls wakefulness and sleep, the control 
center for which is located in the mesencepha¬ 
lon and upper pons. 

Function of the Thalamus in Attention. 

Earlier in the chapter it was pointed out that 
stimulation of a single specific area in the 
thalamic portion of the reticular activating sys¬ 
tem, when the stimulus intensity is not too 
strong, activates only a specific area of the 
cerebral cortex. Since the cerebral cortex is one 
of the most important areas of the brain for con¬ 
scious awareness of our surroundings, one can 
surmise that the ability of specific thalamic 
areas to excite specific cortical regions might be 
one of the mechanisms by which a person can 
direct his attention to specific aspects of his 
mental environment, whether these be 
immediate sensory experiences or stored 
memories. 

Relation of Centrifugal Control of Sensory 
Information to Attention. Nervous pathways 
extend centrifugally from almost all sensory 
areas of the brain toward the lower centers to 
control the intensity of sensory input to the 
brain. For instance, the auditory cortex can 
either inhibit or facilitate signals from the c ^ch- 
lea, the visual cortex can control the signals 
from the retina in the same way, and the so¬ 
me sthetic cortex can control the intensities of 
signals from the somatic areas of the body. 

Thus, it is likely that activated regions of the 
cortex control their own sensory input under 
some conditions. This is another means by 
which the brain might direct its attention to 
specific phases of its mental activity. 


POSSIBLE “SCAAA/AG” AND 
^PROGRAMMING’’ FUNCTIONS OF 
THE BRAIN’S ACTIVATING SYSTEM 

At this point it is important to refer back to the 
analogy drawn in Chapter 4 between the functions 
of the central nervous system and of a general pur¬ 
pose computer. Almost all complex computers, par¬ 
ticularly those that are capable of storing information 
and then recalling this information at later times, 
have a control center called a “programming unit” 
that directs the attention of different parts of the 
computer to specific information stored in other parts 
of the computer. It is quite likely that the activating 
system of the brain, particularly the thalamic part, 
operates in much the same way as the programming 
unit of a computer for the following reasons: 

1. The ability of the activating system to direct 
one’s attention to specific mental activities is analo¬ 
gous to the ability of the progiamming unit to call 
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forth information that has been stored in the memory 
of the computer or to call forth information that is 
given to the computer at its input, information that is 
comparable to sensory information in the human be¬ 
ing. 

2. The programming unit can “find information’’ 
when its exact locus is not known. In the computer, 
this is achieved by dictating certain qualities required 
of the information and then searching through hun¬ 
dreds or thousands of stored bits of information until 
the appropriate information is found, a function 
called scanning. We know from psychological tests 
that our own brain can perform this same function, 
though we do not know how it does so. Yet, since the 
thalamus perhaps plays a role in directing our atten¬ 
tion to stored information in specific areas of the cor¬ 
tex, it is reasonable to postulate that the thalamus, 
probably operating in conjunction with other basal 
areas of the brain, plays a major role in this scanning 
operation. 

3. The programming unit of a computer determines 
the sequence of processing of information. Our brain 
can also control its thoughts in orderly sequence. 
Here again, mainly on the basis of anatomical con¬ 
siderations and on the basis of the fact that the reticu¬ 
lar activating system is the primary controller of 
cerebral activity, it can be surmised, until we know 
more about the subject, that the reticular activating 
system is the primary controller of our orderly se¬ 
quence of thoughts. 

It is obviously premature to suggest an anatomical 
locus for the scanning function of the brain; indeed, 
this function probably requires complex circuitry 
that involves several loci. However, good candidates 
for this function are the centrum medianum and the 
medial dorsal nucleus of the thalamus, both of which 
are located in the middle of each half of the thalamus. 
They are large nuclei surrounded on all sides by the 
diffuse thalamic system, and they make multiple 
bidirectional connections with essentially all parts of 
the thalamus. Obviously, they are propitiously lo¬ 
cated for playing major roles in determining atten¬ 
tion, drive, and so forth. 

EFFECT OF BARBITURATE 
ANESTHESIA ON THE RETICULAR 
ACTIVATING SYSTEM 

The barbiturates have a specific depressant effect 
on the brain stem portion of the reticular activating 
system. Therefore, barbiturates obviously can either 
depress brain activity or even cause sleep. Yet it is 
especially interesting that barbiturate anesthesia 
does not block transmission in most of the specific 
sensory systems and also does not entirely block 
function of the thalamic portion of the reticular ac¬ 
tivating system. It is probable that many other clini¬ 
cally used anesthetics also have specific depressant 
effects on the brain stem portion of the reticular ac¬ 
tivating system and in this way cause general anes¬ 
thesia. 


BRAIN WAVES 

Electrical recordings from the surface of the brain 
or from the outer surface of the head demonstrate 
continuous electrical activity in the brain. Both the 
intensity and patterns of this electrical activity are 
determined to a great extent by the overall level of 
excitation of the brain resulting from functions in the 
reticular activating system. The undulations in the 
recorded electrical potentials, shown in Figure 12-3, 
are called brain waves, and the entire record is called 
an electroencephalogram (EEG). 

The intensities of the brain waves on the surface of 
the scalp range from zero to 300 microvolts, and their 
frequencies range from once every few seconds to 50 
or more per second. The character of the waves is 
highly dependent on the degree of activity of the 
cerebral cortex, and the waves change markedly be¬ 
tween the states of wakefulness and sleep. 

Much of the time, the brain waves are irregular, 
and no general pattern can be discerned in the EEG. 
However, at other times, distinct patterns do appear. 
Some of these are characteristic of specific abnor¬ 
malities of the brain, such as epilepsy, which is dis¬ 
cussed later. Others occur even in normal persons 
and can be classified into alpha, beta, theta, and 
delta waves, which are all illustrated in Figure 12-3. 

Alpha waves are rhythmic waves occurring at a 
frequency between 8 and 13 per second and are found 
in the EEG’s of almost all normal persons when they 
are awake in a quiet, resting state of cerebration. 
These waves occur most intensely in the occipital 
region but can also be recorded at times from the 
parietal and frontal regions of the scalp. Their voltage 
usually is about 50 microvolts. During sleep the alpha 
waves disappear entirely, and when the awake per¬ 
son’s attention is directed to some specific type of 
mental activity, the alpha waves are replaced by 
asynchronous, higher frequency but lower voltage 
waves. Figure 12-4 illustrates the effect on the alpha 
waves of simply opening the eyes in bright light and 
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Figure 12-3. Different types of normal electroence- 
phalographic waves. 
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Figure 12-4. Replacement of the alpha rhythm by an 
asynchronous discharge on opening the eyes. 


then closing the eyes again. Note that the visual sen¬ 
sations cause immediate cessation of the alpha waves 
and that these are replaced by low voltage, asyn¬ 
chronous waves. 

Beta waves occur at frequencies of more than 14 
cycles per second and as high as 25 and rarely 50 
cycles per second. These are most frequently re¬ 
corded from the parietal and frontal regions of the 
scalp, and they can be divided into two major types, 
beta I and beta II. The beta I waves, which are illus¬ 
trated in Figure 12-3, have a frequency about twice 
that of the alpha waves, and these are affected by 
mental activity in very much the same way as the 
alpha waves—that is, they disappear and in their 
place appears an asynchronous but low voltage re¬ 
cording. The beta II waves, on the contrary, appear 
during intense activation of the central nervous sys¬ 
tem or during tension. Thus, one type of beta wave is 
inhibited by cerebral activity while the other is 
elicited. 

Theta waves have frequencies between 4 and 7 
cycles per second. These occur mainly in the parietal 
and temporal regions in children, but they also occur 
during emotional stress in some adults, particularly 
during disappointment and frustration. They can 
often be brought out in the EEG of a frustrated per¬ 
son by allowing him to enjoy some pleasant experi¬ 
ence and then suddenly removing this element of 
pleasure; this causes approximately 20 seconds of 
theta waves. These same waves also occur in many 
brain disorders. 

Delta waves include all the waves of the EEG 
below 3Vi cycles per second and sometimes as low as 
1 cycle every 2 to 3 seconds. These occur in deep 
sleep, in infancy, and in very serious organic brain 
disease. And they occur in the cortex of animals that 
have had subcortical transections separating the 
cerebral cortex from the thalamus. Therefore, delta 
waves can occur strictly in the cortex independently 
of activities in lower regions of the brain. 


ORIGIN OF THE DIFFERENT TYPES 
OF BRAIN WAVES 

The discharge of a single neuron or single nerve 
fiber in the brain cannot be recorded from the surface 
of the head. Instead, for an electrical potential to be 
recorded all the way through the skull, large portions 
of nervous tissue must emit electrical current simul¬ 
taneously. There are two ways in which this can oc¬ 
cur. First, tremendous numbers of nerve fibers can 
discharge in synchrony with each other, thereby 
generating very strong electrical currents. Second, 
large numbers of neurons can partially discharge. 


though not emit action potentials; furthermore, these 
partially discharged neurons can give prolonged 
periods of current flow that can undulate slowly with 
changing degrees of excitability of the neurons. Si¬ 
multaneous electrical measurements within the brain 
while recording brain waves from the scalp indicate 
that it is the second of these that causes the usual 
brain waves. 

To be more specific, the surface of the cerebral 
cortex is composed almost entirely of a mat of den¬ 
drites from neuronal cells in the lower layers of the 
cortex. When signals impinge on these dendrites, 
they become partially discharged, emitting negative 
potentials characteristic of excitatory postsynaptic 
potentials, as discussed in Chapter 4. This partially 
discharged state makes the neurons of the cortex 
highly excitable, and the negative potential is simul¬ 
taneously recorded from the surface of the scalp, in¬ 
dicating this high degree of excitability. 

One of the important sources of signals to excite 
the outer dendritic layer of the cerebral cortex is the 
ascending reticular activating system. Therefore, 
brain wave intensity is closely related to the degree 
of activity in either the brain stem or the thalamic 
portions of the reticular activating system. 

Origin of Delta Waves. Transection of the fiber 
tracts from the thalamus to the cortex, which blocks 
the reticular activating system fibers, causes delta 
waves in the cortex. This indicates that some syn¬ 
chronizing mechanism can occur in the cortical 
neurons themselves—entirely independently of 
lower structures in the brain—^to cause the delta 
waves. 

Delta waves also occur in very deep “slow wave” 
sleep; and this suggests that the cortex is then re¬ 
leased from the activating influences of the reticular 
activating system, as was explained earlier in the 
chapter. 

Origin of the Alpha Waves. Alpha waves will 
not occur in the cortex without connections with the 
thalamus. Also, stimulation in the diffuse thalamic 
nuclei often sets up waves in the diffuse thalamocor¬ 
tical system at a frequency of between 8 and 13 per 
second, the natural frequency of the alpha waves. 
Therefore, it is assumed that the alpha waves result 
from spontaneous activity in the diffuse thalamocor¬ 
tical system, which causes both the periodicity of the 
alpha waves and the synchronous activation of liter¬ 
ally millions of cortical neurons during each wave. 


EFFECT OF VARYING DEGREES OF 
CEREBRAL ACTIVITY ON THE BASIC 
RHYTHM OF THE 
ELECTROENCEPHALOGRAM 

There is a general relationship between the degree 
of cerebral activity and the average frequency of the 
electroencephalogiaphic rhythm, the frequency in¬ 
creasing progi'essively with higher and higher de¬ 
grees of activity. This is illustrated in Figure 12-5, 
which shows the existence of delta waves in stupor. 
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Figure 12-5. Effect of varying degrees of cerebral activ¬ 
ity on the basic rhythm of the EEG. (From Gibbs and 
Gibbs: Atlas of Electroencephalography. Addison- 
Wesley, 1974.) 

surgical anesthesia, and sleep; theta waves in psy¬ 
chomotor states and in infants; alpha waves during 
relaxed states; and beta waves during periods of in¬ 
tense mental activity. However, during periods of 
mental activity the waves usually become asyn¬ 
chronous rather than synchronous so that the voltage 
falls considerably, despite increased cortical activity, 
as illustrated in Figure 12-4. 

CLINICAL USE OF THE 
ELECTROENCEPHALOGRAM 

One of the most important uses of the EEG is to 
diagnose different types of epilepsy and to find the 
focus in the brain causing the epilepsy. This is dis¬ 
cussed further below. But, in addition, the EEG can 
be used to localize brain tumors or other space- 
occupying lesions of the brain and to diagnose certain 
types of psychopathic disturbances. 

There are two means by which brain tumors can be 
localized. Some brain tumors are so large that they 
block electrical activity from a given portion of the 
cerebral cortex, and when this occurs the voltage of 
the brain waves is considerably reduced in the region 
of the tumor. However, more frequently a brain 
tumor compresses the surrounding neuronal tissue 
and thereby causes abnormal electrical excitation of 
these surrounding areas; this in turn leads to syn¬ 
chronous discharges of very high voltage waves in 
the EEG, as shown in the middle two records of Fig¬ 
ure 12-6. Localization of the origin of these spikes on 
the surface of the scalp is a valuable means for locat¬ 
ing the brain tumor. 

The upper part of Figure 12-6 shows the placement 
of 16 different electrodes on the scalp, and the lower 
part of the figure shows the brain waves from four of 
these electrodes marked in the figure by X’s. Note 
that in two of these, intense brain waves are recorded 
and, furthermore, that the two waves are essentially 
of reverse polarity to each other. This reverse polar¬ 
ity means that the origin of the spikes is somewhere 
in the area between the two respective electrodes. 
Thus, the excessively excitable area of the brain has 
been located, and this is a lead to the location of the 
brain tumor. 

Use of brain waves in diagnosing psychopathic ab¬ 
normalities is generally not very satisfactory because 
only a few of these cause distinct brain wave pat¬ 
terns. Yet by observing combinations of different 
types of basic rhythms, reactions of the rhythms to 
attention, changes of the rhythms with forced breath¬ 
ing to cause alkalosis, the appearance of particular 
characteristics in the brain waves (such as “spin¬ 


dles” of alpha waves), and so forth, an experienced 
electroencephalogjapher can detect at least certain 
types of psychopathic disturbances. For instance, it 
was pointed out above that theta waves are fre¬ 
quently found in persons with brain abnormalities. 


EPILEPSY 

Epilepsy is characterized by uncontrolled exces¬ 
sive activity of either a part of the central nervous 
system or all of it. A person who is predisposed to 
epilepsy has attacks when the basal level of excitabil¬ 
ity of his nervous system (or of the part that is sus¬ 
ceptible to the epileptic state) rises above a certain 
critical threshold. But, as long as the degree of ex¬ 
citability is held below this threshold, no attack oc¬ 
curs. 

Basically, the two different types of epilepsy are: 
generalized epilepsy and focal epilepsy. Generalized 
epilepsy involves essentially all parts of the brain at 
once, whereas focal epilepsy involves only a 
portion—sometimes only a minute focal spot and 
other times a moderate portion of the brain. 

GENERALIZED EPILEPSY 

Grand Mai. Grand mal epilepsy is characterized 
by extreme neuronal discharges originating in the 
brain stem portion of the reticular activating system. 
These then spread throughout the entire central 
nervous system, to the cortex, to the deeper parts of 
the brain, and even into the spinal cord to cause 
generalized tonic convulsions of the entire body fol¬ 
lowed toward the end of the attack by alternating 
muscular contractions called clonic convulsions. The 
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Figure 12-6. Localization of a brain tumor by means of 
the EEG, illustrating (above) the placement of electrodes 
and (below) the records from the four electrodes desig¬ 
nated by X’s. 
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Figure 12-7. Electroencephalograms in different types 
of epilepsy. 


grand mal seizure lasts from a few seconds to as long 
as three to four minutes and is characterized by 
post-seizure depression of the entire nervous system; 
the person remains in stupor for one to many minutes 
after the attack is over and then often remains se¬ 
verely fatigued for many hours thereafter. 

The middle recording of Figure 12-7 illustrates a 
typical electroencephalogram from almost any region 
of the cortex during a grand mal attack. This illus¬ 
trates that high voltage synchronous discharges 
occur over the entire cortex having almost the same 
periodicity as the normal alpha waves. Furthermore, 
the same type of discharge occurs on both sides of 
the brain at the same time, illustrating that the origin 
of the abnormality is in the lower centers of the brain 
that control the activity of the cerebral cortex and not 
in the cerebral cortex itself. 

In experimental animals or even in human beings, 
grand mal attacks can be initiated by administering 
neuronal stimulants, such as the well-known drug 
Metrazol, or they can be caused by insulin hypo¬ 
glycemia or by the passage of alternating electrical 
current directly through the brain. Electrical record¬ 
ings from the thalamus and also from the reticular 
formation of the brain stem during the grand mal at¬ 
tack show typical high voltage activity in both of 
these areas similar to that recorded from the cerebral 
cortex. Furthermore, in an experimental animal, 
even after transecting the brain stem as low as the 
mesencephalon, a typical grand mal seizure can still 
be induced in the portion of the brain stem beneath 
the transection. 

Presumably, therefore, a grand mal attack is 
caused by intrinsic overexcitability of the neurons 
that make up the reticular activating structures or 
from some abnormality of the local neuronal path¬ 
ways. The synchronous discharges from this region 
could result from local reverberating circuits. 

One might ask: What stops the grand mal attack 
after a given time? This is believed to result from (1) 


fatigue of the neurons involved in precipitating the 
attack and (2) active inhibition by certain structures 
of the brain. The change from the tonic type of con¬ 
vulsion to the clonic type during the latter part of the 
grand mal attack has been suggested to result from 
partial fatigue of the neuronal system so that some of 
the excited neurons fade out for a moment, then re¬ 
turn to activity after a brief rest, only to fatigue a 
second time and then a third time, and so forth, until 
the entire seizure is over. The stupor and fatigue that 
occur after a grand mal seizure is over is believed to 
result from the intense fatigue of the neurons follow¬ 
ing their intensive activity during the grand mal at¬ 
tack. 

The active inhibition that helps to stop the grand 
mal attack is believed to result from feedback circuits 
through inhibitory areas of the brain. The grand mal 
attack undoubtedly excites such areas as the basal 
ganglia, which in turn emit many inhibitory impulses 
into the reticular formation of the brain stem. But the 
nature of such active inhibition is very much a matter 
of speculation. 

Petit Mal Epilepsy. Petit mal epilepsy is closely 
allied to grand mal epilepsy in that it too almost cer¬ 
tainly originates in the brain stem reticular activating 
system. It is characterized by 5 to 20 seconds of un¬ 
consciousness during which the person has several 
twitchlike contractions of the muscles, usually in the 
head region—especially blinking of the eyes; this is 
followed by return of consciousness and resumption 
of previous activities. The patient may have one such 
attack in many months, or in rare instances he may 
have a rapid series of attacks, one following the oth¬ 
er. However, the usual course is for the petit mal 
attacks to appear in late childhood and then to disap¬ 
pear entirely by the age of 30. On occasion, a petit 
mal epileptic attack will initiate a grand mal attack. 

The brain wave pattern in petit mal epilepsy is il¬ 
lustrated by the first record of Figure 12-7, which is 
typified by a spike and dome pattern. The spike por¬ 
tion of this recording is almost identical to the spikes 
that occur in grand mal epilepsy, but the dome por¬ 
tion is distinctly different. The spike and dome can be 
recorded over the entire cerebral cortex, illustrating 
that the seizure originates in the reticular activating 
system of the brain. 

Since petit mal and grand mal epilepsy both origi¬ 
nate in essentially the same locus of the brain stem, it 
is believed that they have the same common cause 
but that some influence inhibits neuronal activity dur¬ 
ing the petit mal attack so that it will not progress into 
the grand mal seizure. 


FOCAL EPILEPSY 

Focal epilepsy can involve almost any part of the 
brain, either localized regions of the cerebral cortex 
or deeper structures of both the cerebrum and brain 
stem. And almost always, focal epilepsy results from 
some localized organic lesion of the brain, such as a 
scar that pulls on the neuronal tissue, a tumor that 
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compresses an area of the brain, or a destroyed area 
of brain tissue. Lesions such as these can promote 
extremely rapid discharges in the local neurons, and 
when the discharge rate rises above approximately 
1000 per second, synchronous waves begin to spread 
over the adjacent cortical regions. These waves pre¬ 
sumably result from localized reverberating circuits 
that gradually recruit adjacent areas of the cortex 
into the discharge zone. The process spreads to adja¬ 
cent areas at a rate as slow as a few millimeters a 
minute to as fast as several centimeters per second. 
When such a wave of excitation spreads over the 
motor cortex, it causes a progressive “march” of 
muscular contractions throughout the opposite side 
of the body, beginning most characteristically in the 
mouth region and marching progressively downward 
to the legs, but at other times marching in the oppo¬ 
site direction. This is called Jacksonian epilepsy. 

A focal epileptic attack may remain confined to a 
single area of the brain, but in many instances the 
strong signals from the convulsing cortex or other 
part of the brain excite the brain stem portion of the 
reticular activating system so greatly that a grand mal 
epileptic attack ensues as well. 

One type of focal epilepsy is the so-called 
psychomotor seizure, which may cause (1) a short 
period of amnesia, (2) an attack of abnormal rage, (3) 
sudden anxiety, discomfort, or fear, (4) a moment of 
incoherent speech or mumbling of some trite phrase, 
or (5) a motor act to attack someone, to rub the face 
with the hand, or so forth. Sometimes the person 
cannot remember his activities during the attack, but 
at other times he will have been conscious of every¬ 
thing that he had been doing but unable to control it. 

The lower tracing of Figure 12-7 illustrates a typi¬ 
cal electroencephalogram during a psychomotor at¬ 
tack, showing a low frequency rectangular wave with 
a frequency between 2 and 4 per second and with 
superimposed 14 per second waves. 

The electroencephalogram can often be used to 
localize abnormal spiking waves originating in areas 
of organic brain disease that might predispose to 
focal epileptic attacks. Once such a focal point is 
found, surgical excision of the focus frequently pre¬ 
vents future epileptic attacks. 

WAKEFULNESS AND SLEEP 

The Two Conditions Required for Wake¬ 
fulness. We have already seen in the discus¬ 
sions earlier in this chapter that wakefulness re¬ 
quires at least a certain level of activity in the 
reticular activating system. However, there is a 
second condition also necessary for wakeful¬ 
ness to occur: the nervous activity of the brain 
must be channeled in the proper directions. For 
instance, during a grand mal epileptic attack a 
person’s brain is many times as active as it is 
during normal wakefulness, but nevertheless he 
is completely unconscious—certainly not a 


state of wakefulness. Therefore, for the state of 
wakefulness to occur it is not enough that the 
brain simply be active. 

Sleep is defined as a state of unconsciousness 
from which a person can be aroused by appro¬ 
priate sensory or other stimuli. Therefore, the 
unconsciousness caused by deep anesthesia, by 
total inactivity of the reticular activating system 
in diseased states (coma), and by excessive ac¬ 
tivity of the reticular activating system as oc¬ 
curs in grand mal epilepsy would not be con¬ 
sidered to be sleep. However, coma and anes¬ 
thesia do have many characteristics similar to 
those of deep sleep. 

Two Different Types of Sleep. There are 
two different ways in which sleep can occur. 
First, it can result from decreased activity in the 
reticular activating system; this is called slow 
wave sleep because the brain waves are very 
slow. Second, sleep can result from abnormal 
channeling of signals in the brain even though 
brain activity may not be significantly de¬ 
pressed; this is called paradoxical sleep or de¬ 
synchronized sleep. 

Most of the sleep during each night is of the 
slow wave variety; this is the deep, restful type 
of sleep that the person experiences after hav¬ 
ing been kept awake for the previous 24 to 48 
hours. On the other hand, short episodes of 
paradoxical sleep usually occur at intervals dur¬ 
ing each night, and this type of sleep seems to 
have purposeful functions that will be discussed 
later. 

SLOW WAVE SLEEP 

Slow wave sleep is frequently called by dif¬ 
ferent names, such as deep restful sleep, dream¬ 
less sleep, delta wave sleep, or normal sleep. 
However, we shall see later that paradoxical 
sleep is also normal and that it has some charac¬ 
teristics of deep sleep. 

Electroencephalographic Changes as a Per¬ 
son Falls Asleep. Beginning with wakefulness 
and proceeding to deep slow wave sleep, the 
electroencephalogram changes as follows: 

1. Alert wakefulness—low voltage, high fre¬ 
quency beta waves showing desynchrony, as il¬ 
lustrated by the second record in Figure 12-3 

2. Quiet restfulness—predominance of alpha 
waves; a type of “synchronized” brain waves 

3. Light sleep—slowing of the brain waves to 
theta or delta low-voltage variety, but inter¬ 
spersed with spindles of alpha waves called 
sleep spindles that last for a few seconds at a 
time 
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4. Deep slow wave sleep—high voltage delta 
waves occurring at a rate of 1 to 2 per second, 
as illustrated by the fourth record of Figure 
12-3. \ 

In paradoxical sleep the brain waves change 
to still a different pattern, as will be discussed 
below. 

Origin of the Delta Waves in Sleep. When 
the fiber tracts between the thalamus and the 
cortex are transected, delta waves are presently 
generated in the isolated cortex, indicating that 
this type of wave probably occurs intrinsically 
in the cortex when it is not being driven from 
below. Therefore, it is assumed that this is also 
the origin of the high voltage delta waves during 
deep slow wave sleep. That is, it is assumed 
that the degree of activity in the reticular ac¬ 
tivating system has fallen to a level too low to 
maintain normal excitabiltiy of the cortex so 
that the cortex then becomes its own pace¬ 
maker. 

Characteristics of Deep Slow Wave 
Sleep. Most of us can understand the charac¬ 
teristics of deep slow wave sleep by referring 
back to the last time that we were kept awake 
for more than 24 hours and then remembering 
the deep sleep that occurred within 30 minutes 
to an hour after going to sleep. This sleep is 
dreamless, exceedingly restful, and is asso¬ 
ciated with a decrease in both peripheral vascu¬ 
lar tone and also most of the other vegetative 
functions of the body as well. There is also a 10 
to 30 per cent decrease in blood pressure, res¬ 
piratory rate, and basal metabolic rate. 

PARADOXICAL SLEEP C^REM^^ SLEEP) 

Paradoxical sleep never occurs by itself, but 
instead is always superimposed onto slow wave 
sleep. In a normal night of sleep, bouts of para¬ 
doxical sleep lasting 5 to 20 minutes appear on 
the average of every 90 minutes, the first such 
period occurring 80 to 100 minutes after the per¬ 
son falls asleep. When the person is extremely 
tired, the duration of each bout of paradoxical 
sleep is very short, and it may even be absent. 
On the other hand, as the person has become 
rested, the duration of the paradoxical bouts 
greatly increases. 

There are several very important characteris¬ 
tics of paradoxical sleep: 

1. It is usually associated with active dream- 
ing. 

2. The person is even more difficult to arouse 
than during deep slow wave sleep. 

3. The muscle tone throughout the body is 


exceedingly depressed, indicating strong activa¬ 
tion of the bulboreticular inhibitory system of 
the lower brain stem. 

4. The heart rate and respiration usually be¬ 
come irregular, which is characteristic of the 
dream state. 

5. Despite the extreme inhibition of the 
peripheral muscles, irregular muscle move¬ 
ments occur. These include, in particular, rapid 
movements of the eyes; consequently, paradox¬ 
ical sleep has often been called REM sleep, for 
“rapid eye movements.” 

6. The electroencephalogram shows a de¬ 
synchronized pattern of low voltage beta waves 
similar to those that occur during wakefulness. 
Therefore, this type of sleep is also frequently 
called desynchronized sleep, meaning desyn¬ 
chronized brain waves. 

In summary, paradoxical sleep is a type of 
sleep in which the brain is probably as active as 
it is during many states of wakefulness. How¬ 
ever, the brain activity is not channeled in the 
proper direction for the person to be aware of 
his surroundings and therefore to be awake. 

BASIC THEORIES OF SLEEP 

Despite the universality of the phenomenon 
of sleep, physiologists must admit with chagrin 
that they know very little about the basic 
mechanism of sleep. However, there are two 
major schools of thought about the causation of 
sleep: The first of these beliefs is that sleep is a 
passive process, occurring when the neuronal 
mechanisms that cause wakefulness become 
fatigued and therefore succeed to a lower level 
of activity. The second theory is that active 
centers in the brain transmit signals into the 
reticular activating system to inhibit it and 
thereby produce sleep. With either of these 
theories, it is generally assumed that the usual 
slow wave type of sleep results from decreased 
excitability of the reticular activating system, 
caused passively in the first instance and by ac¬ 
tive inhibition in the second instance. 

The Feedback Theory of Wakefulness and 
Sleep—a Passive Mechanism of Sleep. From 
discussions earlier in the chapter we can recall 
that the reticular activating system can excite 
the cortex; but, also, the cortex in turn can ex¬ 
cite the activating system. Thus, there exists a 
positive “feedback” that helps to keep the as¬ 
cending reticular activating system active once 
it becomes excited. 

There is also a second positive feedback that 
probably contributes to maintaining activity in 
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the reticular activating system: The reticular ac¬ 
tivating system transmits signals not only to the 
cortex but also to the peripheral musculature. 
Any peripheral movement in turn transmits so¬ 
matic sensory signals back into the reticular ac¬ 
tivating system, and many of these signals also 
take part in activating it. Thus, this additional 
positive feedback can help to maintain activity 
in the system once it begins. 

Onset of Wakefulness. Keeping in mind the 
above two positive feedback mechanisms, we 
can assume that any arousal signal entering the 
resting reticular activating system will initiate 
signals that go both to the cortex and to the 
peripheral areas of the body. Return signals 
from both of these areas will further activate the 
reticular activating system thereby sending out 
more efferent signals, giving more return sig¬ 
nals, and continuing on and on. Thus, once ac¬ 
tivity is initiated, the level of response will 
theoretically increase rapidly. This could ex¬ 
plain the rapid onset of wakefulness. One of the 
obvious problems with such a mechanism as 
this is the possibility that the feedback 
mechanisms would become overly active and 
therefore produce a state similar to that of grand 
mal epilepsy. However, a brief consideration of 
the theory of positive feedback shows that once 
the activity reaches a critical level the neuronal 
discharge rates will begin to saturate so that the 
feedback gain will decrease to unity. Therefore, 
the degree of excitation of the reticular activat¬ 
ing system will become stable. Furthermore, 
the level of this excitation plateau, and there¬ 
fore the level of wakefulness as well, becomes a 
function of the excitability or fatigue of the 
neurons in the wakefulness circuit. Thus, this 
theory has a very solid foundation, and it fits in 
with the known characteristics of positive feed¬ 
back. 

Onset of Sleep. As neurons become fatigued, 
the level of positive feedback obviously will de¬ 
crease in both the cortical and the peripheral 
circuits. Furthermore, each time one of the mil¬ 
lions of parallel neurons in the feedback circuits 
falls out of activity, lack of this neuron’s con¬ 
tribution to the feedback reduces the level of 
excitability of all the other neurons. Thus, there 
comes a point when the feedback activity can¬ 
not maintain enough excitability in the reticular 
activating system for the circuits to continue 
reverberating. Therefore, this could explain the 
initial slow onset of drowsiness and the final 
abrupt change from wakefulness to sleep. 

Cause of Fatigue of the Neurons. If the pas¬ 
sive mechanism for sleep is the correct one, we 


still need to explain the cause of fatigue of neu¬ 
rons after 16 hours of wakefulness and their re¬ 
covery of excitability after 8 hours of sleep. We 
do know that this same phenomenon occurs in 
the spinal cord and in other areas of the nervous 
system that are exposed to excessive activity 
and then to excessive inactivity. For instance, 
continued facilitation of the spinal cord by fiber 
tracts from the brain causes decreased excitabil¬ 
ity of the spinal cord neurons. After the tracts 
from the brain are cut, the level of excitability 
of these neurons increases during the first few 
hours and then increases progressively less 
rapidly over a period of days and even months. 
Therefore, it is known that the excitability of 
neurons changes over a period of hours in¬ 
versely to their degree of activity. This estab¬ 
lished fact about neuronal activity fits in well 
with the passive theory of sleep. 

However, it is possible that the local envi¬ 
ronment of the neurons also changes. Perhaps 
the neurons secrete some transmitter substance 
into the local fluids and this in turn causes inhi¬ 
bition after periods of activity, or excitation 
after periods of inactivity. We will speak more 
about this shortly. 

Active Mechanisms for Causing Sleep. 
Electrical stimulation under appropriate condi¬ 
tions in widely different areas of the brain can 
cause sleep. Three of the more important areas 
for achieving this are: 

1. An area in or near the rostral portion of the 
solitary tracts of the brain stem located bilater¬ 
ally in the pons. 

2. Some areas in the diffuse nuclei of the 
thalamus. 

3. The basal forebrain region between the 
hypothalamus and the supraorbital areas of the 
frontal lobes. 

Stimulation in these areas at a frequency of 8 
to 13 cycles per second (the same frequency as 
the alpha brain waves) is especially prone to 
cause sleep, whereas stimulation at other fre¬ 
quencies causes the reverse effect in some in¬ 
stances. 

It has also been shown that lesions in the 
basal forebrain area or bilaterally in the lower 
pontine reticular substance can cause insom¬ 
nia—sometimes to the extent that the animal 
cannot sleep at all, which causes lethal exhaus¬ 
tion within a few days. 

Therefore, for obvious reasons, many re¬ 
search workers have come to the conclusion 
that sleep is caused by increased activity in one 
or more of these “sleep-producing” centers of 
the brain. The one most frequently considered 
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to be “the” active sleep center is the bilateral 
center in the lower brain stem reticular forma¬ 
tion near the solitary tracts. 

The mechanism of the sleep caused by these 
sleep-producing centers almost certainly is ac¬ 
tive inhibition of the reticular activating system. 

Mechanism of Paradoxical Sleep. Unfor¬ 
tunately, we do not know the cause of paradox¬ 
ical sleep. However, the reticular activating 
system seems to have a periodic excitability 
cycle occurring once every 90 minutes: first de¬ 
creased activity, then increased activity, and 
the system cycling throughout the 24-hour day 
in this manner. It is on the peaks of these cycles 
that paradoxical sleep occurs. Indeed, the 
periodicity of this mechanism has even been 
demonstrated during wakefulness, with periods 
of greater and lesser excitability throughout the 
day. 

Thus, for the time being, we can possibly or 
probably consider paradoxical sleep to be 
caused by a period of intrinsic activity of the 
reticular activating system superimposed onto 
the natural mechanism of sleep—enough of a 
superimposition to cause dreams but not 
enough to wake the person. The mechanism 
seems also to activate the bulboreticular inhibi¬ 
tory area in the lower brain stem, which pre¬ 
sumably is the cause of the depressed motor 
functions of the cord. 

What is the purpose of paradoxical sleep? 
This we do not know, but a purpose speculated 
(as indeed almost all that we have to say about 
paradoxical sleep is speculated) would be that it 
is a periodic test of the intrinsic excitability of 
the neurons of the system. When this intrinsic 
excitability is great enough, one could suppose 
that this test of excitability might cause the per¬ 
son to awaken, but if the level of excitability is 
below a critical value, the person would pass 
through this phase of paradoxical sleep and fall 
back into another cycle of deep slow wave sleep 
before being tested again 90 minutes later. 

Biochemical Theories for the Production of 
Sleep. Three important findings indicate that 
the biochemical milieu of the brain stem 
neurons might change during the wakefulness- 
sleep cycle, and furthermore, that some sleep- 
producing substance might be the cause of the 
cycle. 

First, it has been demonstrated that either 
dialyzed blood or whole cerebrospinal fluid 
from animals that have been kept awake for 
several days contains a substance that causes 
sleep when injected into the ventricular system 
of an animal. This substance is a small polypep¬ 


tide with a molecular weight probably less than 
500. 

Second, it has been found that lesions in the 
midline area of the brain stem, an area known as 
the nuclei of the raphe, cause insomnia; this 
condition also causes destruction of a system of 
neurons that secrete serotonin into the reticular 
activating system. Therefore, it has been 
suggested that sleep is caused by secretion of 
serotonin from these neurons; what it is that 
controls the activity of these neurons is un¬ 
explained. 

Third, it has been shown that destruction of 
small bilateral areas in the dorsal part of the 
upper middle pons, called the locus ceruleus, 
blocks the occurrence of paradoxical sleep. The 
neurons of these areas secrete norepinephrine. 
Therefore, it has been suggested that nor¬ 
epinephrine, possibly acting on the reticular ac¬ 
tivating system, is the factor that causes the 
paradoxical episodes during sleep. But, here 
again, the factors that cause the locus ceruleus 
to turn on and off are completely unknown. 

In summary, therefore, changes in the 
biochemical status of the local neurons in the 
reticular activating system, or changes in cer¬ 
tain specific nuclei, could increase and decrease 
the activity of this system and thereby could be 
partially responsible for inducing the states of 
wakefulness and sleep. 

PHYSIOLOGICAL EFFECTS OF SLEEP 

Sleep causes two major types of physiological 
effects: first, effects on the nervous system it¬ 
self and, second, effects on other structures of 
the body. The first of these seems to be by far 
the more important, for any person who has a 
transected spinal cord in the neck shows no 
physiological effects in the body beneath the 
level of transection that can be attributed to a 
sleep and wakefulness cycle; this lack of sleep 
and wakefulness causes neither significant harm 
to the bodily organs nor even any deranged 
function. On the other hand, lack of sleep cer¬ 
tainly does affect the functions of the central 
nervous system. 

Prolonged wakefulness is often associated 
with progressive malfunction of the mind and 
behavioral activities of the nervous system. We 
are all familiar with the increased sluggishness 
of thought that occurs toward the end of a pro¬ 
longed wakeful period, but in addition, a person 
can become irritable or even psychotic follow¬ 
ing forced wakefulness for prolonged periods of 
time. Therefore, we can assume that sleep in 
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some way not presently understood restores 
both normal sensitivities of and normal “bal¬ 
ance” between the different parts of the central 
nervous system. This might be likened to the 
“rezeroing” of electronic analog computers 
after prolonged use, for all computers of this 
type gradually lose their “base line” of opera¬ 
tion; it is reasonable to assume that the same 
effect occurs in the central nervous system, 
since it, too, is an analog computer (though 
using a digital method of information transmis¬ 
sion). Therefore, in the absence of any defi¬ 
nitely demonstrated functional value of sleep, 
we might postulate, on the basis of known 
psychological changes that occur with wakeful¬ 
ness and sleep, that sleep performs this rezero¬ 
ing function for the nervous system. Yet this is 
but a suggestion based purely on psychological 
data and on analogy with computers. 

Even though, as pointed out above, wakeful¬ 
ness and sleep have not been shown to be 
necessary for somatic functions of the body, the 
cycle of enhanced and depressed nervous ex¬ 
citability that follows along with the cycle of 
wakefulness and sleep does have moderate ef¬ 
fects on the peripheral body. For instance, 
there is enhanced sympathetic activity during 
wakefulness and also enhanced numbers of im¬ 
pulses to the skeletal musculature to increase 
muscular tone. Conversely, during sleep sym¬ 
pathetic activity decreases while parasympa¬ 
thetic activity occasionally increases, and the 
muscular tone becomes almost nil. Therefore, 
during sleep, arterial blood pressure falls, pulse 
rate decreases, skin vessels dilate, activity of 
the gastrointestinal tract sometimes increases, 
muscles fall into a completely relaxed state, and 
overall basal metabolic rate of the body falls by 
about 10 to 20 per cent. 
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The Cerebral Cortex and Intellectual 

Functions of the Brain 


It is ironic that we know least about the 
mechanisms of the cerebral cortex of all parts of 
the brain, even though it is by far the largest 
portion of the nervous system. Yet, we do know 
the effects of destruction or of specific stimula¬ 
tion of various portions of the cortex, and still 
more is known from electrical recordings from 
the cortex or from the surface of the scalp. In 
the early part of the present chapter the facts 
known about cortical functions are discussed 
and then some basic theories of the neuronal 
mechanisms involved in thought processes, 
memory, analysis of sensory information, and 
so forth are presented briefly. 

PHYSIOLOGIC ANATOMY OF THE 
CEREBRAL CORTEX 

The functional part of the cerebral cortex is com¬ 
prised mainly of a thin layer of neurons 2 to 5 mm. in 
thickness, covering the surface of all the convolu¬ 
tions of the cerebrum and having a total area of about 
one-quarter of a square meter. The total cerebral cor¬ 
tex contains approximately 10 billion neurons. 

Figure 13-1 illustrates the typical structure of the 
cerebral cortex, showing successive layers of differ¬ 
ent types of cells. Most of the cells are of three types: 
granular, fusiform, and pyramidal, the latter named 
for their characteristic pyramidal shape. To the right 
in Figure 13-1 is illustrated the typical organization 
of nerve fibers within the different layers of the cor¬ 
tex. Note particularly the large number of horizontal 
fibers extending between adjacent areas of the cor¬ 
tex, but note also the vertical fibers that extend to 
and from the cortex to lower areas of the brain stem 
or to distant regions of the cerebral cortex through 
long association bundles of fibers. 


Neurohistologists have divided the cerebral cortex 
into almost 100 different areas which have slightly 
different architectural characteristics. Yet in all these 
different areas there still persist at least crude rep¬ 
resentations of all the six major layers of the cortex. 
Furthermore, to the untrained histologist, not more 



Figure 13-1. Structure of the cerebral cortex, illustrat¬ 
ing: I, molecular layer; II, external granular layer; III, layer 
of pyramidal cells; IV, internal granular layer; V, large 
pyramidal cell layer; VI, layer of fusiform or polymorphic 
cells. (From Ranson and Clark (after Brodmann): 
Anatomy of the Nervous System, 1959.) 
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than five major architectural types of cortex can be 
distinguished as follows: Type 1 contains large num¬ 
bers of pyramidal cells with few granular cells and, 
therefore, is often called tht agranular cortex. At the 
other extreme, type 5 contains almost no pyramidal 
cells but is filled with closely packed granule cells 
and is called the granular cortex. Types 2, 3, and 4 
have intermediate characteristics containing gra¬ 
dated proportions of pyramidal and agranular cells. 

The agranular cortex, which contains large num¬ 
bers of pyramidal cells, is characteristic of the motor 
areas of the cerebral cortex; while the granular cor¬ 
tex, containing almost no pyramidal cells, is charac¬ 
teristic of the primary sensory areas. The other three 
intermediate types of cortex are characteristic of the 
association areas between the primary sensory and 
motor regions. 

Figure 13-2 shows a map of cortical areas clas¬ 
sified on the basis of histological studies by Brod- 
mann. This classification provides a basis for discus¬ 
sion of functional areas of the brain, even though 
different architectural types of cortex often have 
similar functions. 

Anatomical Relationship of the Cerebral Cortex 
to the Thalamus and Other Lower Centers. All 

areas of the cerebral cortex have direct afferent and 
efferent connections with the thalamus. Figure 13-3 
shows the areas of the cerebral cortex connected 
with specific parts of the thalamus. These connec¬ 
tions are in two directions, both from the thalamus to 
the cortex and then from the cortex back to essen¬ 
tially the same area of the thalamus. Furthermore, 
when the thalamic connections are cut, the functions 
of the corresponding cortical area become entirely or 
almost entirely abrogated. Therefore, the cortex op¬ 
erates in close association with the thalamus and can 
almost be considered both anatomically and func¬ 
tionally a large outgrowth of the thalamus; for this 
reason the thalamus and the cortex together are 
called the thalamocortical system, as was explained 
in the previous chapter. Also, all pathways from the 



Figure 13-2. Structurally distinctive areas of the human 
cerebral cortex. (From Brodmann, modified by Buchanan: 
Functional Neuroanatomy. Lea & Febiger, 1966.) 



Figure 13-3. Areas of the cerebral cortex that connect 
with specific portions of the thalamus. (Modified from 
Elliott: Textbook of the Nervous System. J. B. Lippincott 
Co.) 


sensory organs to the cortex pass through the 
thalamus, with the single exception of the sensory 
pathways of the olfactory tract. 


FUNCTIONS OF CERTAIN 
SPECIFIC CORTICAL AREAS 

Studies in human beings by neurosurgeons 
have shown that some specific functions are 
localized to certain general areas of the cerebral 
cortex. Figure 13^ gives a map of some of 
these areas as determined by Penfield and Ras¬ 
mussen from electrical stimulation of the cortex 
or by neurological examination of patients after 
portions of the cortex had been removed. The 



Figure 13-4. Functional areas of the human cerebral 
cortex as determined by electrical stimulation of the cor¬ 
tex during neurosurgical operations and by neurological 
examinations of patients with destroyed cortical regions. 
(From Penfield and Rasmussen: Cerebral Cortex of Man: A 
Clinical Study of Localization of Function. The Macmil¬ 
lan Co., 1968.) 
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lightly shaded areas are primary sensory areas, 
while the darkly shaded area is the voluntary 
motor area (also called primary motor area) 
from which muscular movements can be elic- 
S ited with relatively weak electrical stimuli. 
These primary sensory and motor areas have 
highly specific functions, while other areas of 
the cortex perform more general functions that 
we call association or cerebration. 

SPECIFIC FUNCTIONS OF THE 
PRIMARY SENSORY AREAS 

The primary sensory areas all have certain 
functions in common. For instance, somatic 
sensory areas, visual sensory areas, and audi¬ 
tory sensory areas all have spatial localizations 
of signals from the peripheral receptors (which 
are discussed in detail in Chapters 7, 18, and 
19). 

Electrical stimulation of the primary sensory 
I areas in the parietal lobes in awake patients 
I gives relatively uncomplicated sensations. For 
f instance, in the somatic sensory area the patient 
states that he feels tingling in the skin, numb¬ 
ness, mild “electric” feeling, or, rarely, mild 
degrees of temperature sensations. And these 
sensations are localized to discrete areas of the 
body in accord with the spatial representation in 
the somatic sensory cortex, as described in 
Chapter 7. Therefore, it is believed that the 
primary somatic sensory cortex analyzes only 
the simple aspects of sensations and that 
analysis of intricate patterns of sensory experi¬ 
ence requires adjacent parts of the parietal 
lobes called sensory association areas to oper¬ 
ate in association with this area. 

Electrical stimulation of the primary visual 
cortex in the occipital lobes causes the person 
to see flashes of light, bright lines, colors, or 
other simple visions. Here again, the visual im¬ 
ages are localized to specific regions of the vis¬ 
ual fields in accord with the portion of the pri¬ 
mary visual cortex stimulated, as described in 
Chapter 18. But the visual cortex alone is not 
capable of complete analysis of complicated 
visual patterns; for this, the visual cortex must 
operate in association with adjacent regions of 
the occipital cortex, the visual association 
areas . 

Electrical stimulation of the auditory cortex 
in the temporal lobes causes a person to hear a 
simple sound which may be weak or loud, have 
low or high frequency, or have other uncompli¬ 
cated characteristics, such as a squeak or even 
an undulation. But never are words or any other 
fully intelligible sound heard. Thus, the primary 


auditory cortex, like the other primary sensory 
areas, can detect the individual elements of au¬ 
ditory experience but cannot analyze compli¬ 
cated sounds. Therefore, the primary auditory 
cortex alone is not sufficient to give one even 
the usual auditory experiences; these can be 
achieved, however, when the primary area op¬ 
erates together with the auditory association 
areas in adjacent regions of the temporal lobes. 

Despite the inability of the primary sensory 
areas to analyze the incoming sensations fully, 
when these areas are destroyed, the ability of 
the person to utilize the respective sensations 
usually suffers drastically. For instance, loss of 
the primary visual cortex in one occipital lobe 
causes a person to become blind in the ipsilat- 
eral halves of both retinae, and loss of the pri¬ 
mary visual cortices in both hemispheres causes 
total blindness. Likewise, loss of both primary 
auditory cortices causes almost total deafness. 
Loss of the postcentral gyri causes depression 
of somatic sensory sensations—though not total 
loss—presumably because of additional cortical 
representation of these sensations in other cor¬ 
tical areas: somatic sensory area II and the 
motor cortex, for example. (In animals far down 
the phylogenetic scale, loss of the visual and 
auditory cortices may have little effect on vision 
and hearing, and even an anencephalic human 
infant detects some visual scenes in the absence 
of the visual cortex, for such a child can ob- 
I serve a moving object and even follow it by 
movement of its eyes and head.) 

Therefore, we can summarize the functions 
of the primary sensory areas of the human cere¬ 
bral cortex in the following way: The lower cen¬ 
ters of the brain relay a large part of the sensory 
signals to the cerebral cortex for analysis. In 
turn, the primary sensory areas transmit the re¬ 
sults of their analyses back to the lower centers 
and to other regions of the cerebral cortex, as is 
discussed later in the chapter. 

THE SENSORY ASSOCIATION AREAS 

Around the borders of the primary sensory 
areas are regions called sensory association 
areas or secondary sensory areas. In general, 
these areas extend 1 to 5 centimeters in one or 
more directions from the primary sensory 
areas; each time a primary area receives a sen¬ 
sory signal, secondary signals spread; after a 
delay of a few milliseconds into the respective 
association area as well. Part of this spread oc¬ 
curs through subcortical fiber tracts, but a 
major part also occurs in the thalamus, begin- 
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ning in the sensory relay nuclei, passing next to 
corresponding thalamic association areas, and 
then traveling to the association cortex. 

The general function of the sensory associa¬ 
tion areas is to provide a higher level of in¬ 
terpretation of the sensory experiences. The 
general areas for the interpretative functions for 
somatic, visual, and auditory experiences are 
illustrated in Figure 13-5. 

Destruction of the sensory association areas 
greatly reduces the capability of the brain to 
analyze different characteristics of sensory ex¬ 
periences. For instance, damage in the temporal 
lobe below and behind the primary auditory 
area in the “dominant hemisphere” of the brain 
often causes a person to lose the understanding 
of words or of other auditory experiences even 
though he hears them. 

Likewise, destruction of areas 18 and 19 of 
the occipital lobe in the dominant hemisphere or 
the presence of a brain tumor or other lesion in 
these areas, which represent the visual associa¬ 
tion areas, does not cause blindness or prevent 
normal activation of the primary visual cortex 
but does greatly reduce the person’s ability to 
interpret what he sees. Such a person often 
loses his ability to recognize the meanings of 
words, a condition that is called word blindness 
or alexia. 

Finally, destruction of the somatic sensory 
association area in the parietal cortex posterior 
to primary somatic area I causes the person to 
lose his spatial perception for location of the 
different parts of his body. In the case of the 



Figure 13-5. Organization of the somatic, auditory, and 
visual association areas into a general mechanism for in¬ 
terpretation of sensory experience. All of these feed into 
the general interpretative area located in the postero- 
superior portion of the temporal lobe and the angular 
gyrus. Also shown in the figure are the prefrontal area and 
Broca’s speech area. 


hand that has been “lost,” the skills of the hand 
are greatly reduced. Thus, this area of the cor¬ 
tex seems to be necessary for interpretation of 
somatic sensory experiences. 

The functions of the association areas are de¬ 
scribed in more detail in Chapter 7 for somatic, 
in Chapter 18 for visual, and in Chapter 19 for 
auditory experiences. 

INTERPRETATIVE FUNCTION OF 
THE POSTERIOR TEMPORAL LOBE 
AND ANGULAR GYRUS REGIONS— 

THE GENERAL INTERPRETATIVE AREA 

The somatic, visual, and auditory association 
areas, which can actually be called “interpreta¬ 
tive areas,” all meet one another in the pos¬ 
terior part of the superior temporal lobe and in 
the anterior part of the angular gyrus, that is, 
the gyrus at the posterior tip of the lateral 
fissure where the temporal, parietal, and occipi¬ 
tal lobes all come together. This area of 
confluence of the different sensory interpreta¬ 
tive areas plays the greatest single role of any 
part of the cerebral cortex in the higher levels of 
brain function that we call cerebration. There¬ 
fore, this region has frequently been called by 
different names suggestive of the area having 
almost global importance; the general inter¬ 
pretative area, the gnostic area, the knowing 
area, the tertiary association area, and so forth. 

Following severe damage in the general in¬ 
terpretative area, a person might hear perfectly 
well and even recognize different words but still 
might be unable to arrange these words into a 
coherent thought. Likewise, he may be able to 
read words from the printed page but be unable 
to recognize the thought that is conveyed. In 
addition, he has similar difficulties in under¬ 
standing the higher levels of meaning of somatic 
sensory experiences, even though there is no 
loss of sensation itself. 

Electrical stimulation in the temporal lobe, 
particularly in its posterior part, or in the an¬ 
terior angular gyrus of the conscious patient oc¬ 
casionally causes a highly complex thought. 
This is particularly true when the stimulatory 
electrode is passed deep enough into the brain 
to approach the corresponding connecting areas 
of the thalamus. The types of thoughts that 
might be experienced include memories of 
complicated visual scenes that one might re¬ 
member from childhood, auditory hallucina¬ 
tions such as a specific musical piece, or even a 
discourse by a specific person. For this reason it 
is believed that complicated memory patterns 
















THE CEREBRAL CORTEX AND INTELLECTUAL FUNCTIONS OF THE BRAIN 


193 


involving more than one sensory modality are 
stored at least partially in the temporal lobe and 
the angular gyrus. This belief is in accord with 
the importance of the general interpretative 
area in interpretation of the complicated mean¬ 
ings of different sensory experiences. 

Once again we must emphasize the global im¬ 
portance of this area. Loss of it in an adult usu¬ 
ally leads to a lifetime thereafter of an almost 
demented existence. 

The Dominant Hemisphere. The inter¬ 
pretative functions of the temporal lobe and an¬ 
gular gyrus are usually highly developed in only 
one cerebral hemisphere, the dominant hemi¬ 
sphere. At birth these regions in both hemi¬ 
spheres have almost the same capability of de¬ 
veloping; we know this because removal of 
either hemisphere in early childhood causes the 
opposite to develop full dominant characteris¬ 
tics. 

A theory that might explain hemispheric 
' dominance in the adult is the following: The at¬ 
tention of the “mind” seems to be directed to 
one portion of the brain at a time, as was 
explained in the preceding chapter. Presuma- 
i bly, one angular gyrus region begins to be used 
to a greater extent than the other, and, thence¬ 
forth, because of the tendency to direct one’s 
attention to the better developed region, the 
rate of learning in the cerebral hemisphere that 
gains the first start increases rapidly while that 
in the opposite side remains slight. Therefore, 
in the normal human being, one side becomes 
dominant over the other. 

In more than 9 out of 10 persons the left tem¬ 
poral lobe and angular gyrus become dominant, 
and in the remaining one tenth of the population 
either both sides develop simultaneously to 
have dual dominance, or, more rarely, the right 
side alone becomes highly developed. 

Usually associated with the dominant tem¬ 
poral lobe and angular gyrus is dominance of 
certain portions of the somesthetic cortex and 
motor cortex for control of voluntary motor 
functions. For instance, as is discussed later in 
the chapter, the premotor speech area, located 
far laterally in the intermediate frontal area, is 
almost always dominant also on the left side of 
the brain. This speech area causes the forma¬ 
tion of words by exciting simultaneously the 
laryngeal muscles, the respiratory muscles, and 
the muscles of the mouth. 

Though the interpretative areas of the tem¬ 
poral lobe and angular gyrus, as well as many of 
the motor areas, are highly developed in only a 
single hemisphere, they are capable of receiving 
sensory information from both hemispheres and 


are also capable of controlling motor activities 
in both hemispheres, utilizing mainly fiber 
pathways in the corpus callosum for communi¬ 
cation between the two hemispheres. This uni¬ 
tary, cross-feeding organization prevents inter¬ 
ference between the two sides of the brain; such 
interference, obviously, could create havoc 
with both thoughts and motor responses. 

Effect of Temporal Lobe and Angular 
Gyrus Destruction in the Dominant Hemi¬ 
sphere. Destruction of the dominant temporal 
lobe and angular gyrus in an adult person nor¬ 
mally leaves a great void in his intellect because 
of his inability to interpret the meanings of sen¬ 
sory experiences. Therefore, the neurosurgeon 
assiduously avoids surgery in this region. The 
adult can only gradually develop the interpreta¬ 
tive functions of the nondominant temporal lobe 
and angular gyrus, and even then only to a slight 
extent. Thus, only a small amount of intellect 
can return. However, if this area is destroyed in 
a child under six years of age, the opposite side 
can usually develop to full extent, thus eventu¬ 
ally returning the capabilities of the child essen¬ 
tially to normal. 

Role of Language in Interpretation and in 
Intellectual Functions. A major share of our 
sensory experiences are converted into their 
language equivalent before being stored in the 
memory areas of the brain and before being 
processed for other intellectual purposes. For 
instance, when we read a book, we do not store 
the visual images of the words but, instead, 
store the information in language form. At least 
the information is converted to language form 
before its meaning is discerned. 

The sensory area of the dominant hemisphere 
for interpretation of language is closely as¬ 
sociated with the primary hearing area located 
in the auditory association areas of the temporal 
lobe. This locus probably results from the fact 
that the first introduction to language is by way 
of hearing. Later in life, when visual perception 
of language through the medium of reading de¬ 
velops, the visual information is then presuma¬ 
bly channeled into the already developed lan¬ 
guage regions of the dominant temporal lobe. 
This probably also explains why the general in¬ 
terpretative area of the brain is more closely 
allied with the auditory association areas than 
with other sensory areas of the cortex. 

Interpretative Functions that Remain After 
Destruction of the General Interpretative 
Area. One of the reasons loss of the general 
interpretative area is so destructive to the intel¬ 
lectual functions of the body is that most of our 
intellectual functions operate through the Ian- 
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guage medium. However, after loss of the gen¬ 
eral interpretative area, other interpretative 
functions of the brain still persist, such as capa¬ 
bility to react with somatic motor activities in 
response to visual scenes—that is, ability to as¬ 
sociate visual and somatic functions but loss of 
ability to react verbally. In addition, the tem¬ 
poral lobe of the opposite hemisphere still re¬ 
tains capabilities for associating somatic, vis¬ 
ual, and auditory experiences of a nonlanguage 
nature. Thus, even though we speak of the dom¬ 
inant hemisphere, this dominance is primarily 
for the language-related intellectual functions, 
whereas the opposite hemisphere can actually 
be dominant in some other types of association. 

THE PREFRONTAL AREAS 

The prefrontal areas are those portions of the 
frontal lobes that lie anterior to the motor re¬ 
gions, as shown in Figure 13-5. For years, this 
part of the cortex has been considered to be the 
locus of the higher intellect of the human being, 
principally because the main difference be¬ 
tween the brain of monkeys and that of man is 
the great prominence of man’s prefrontal areas. 
Yet efforts to show that the prefrontal cortex is 
more important in higher intellectual functions 
than other portions of the cortex have not been 
successful. Indeed, destruction of the posterior 
temporal lobe and angular gyrus region in the 
dominant hemisphere causes infinitely more 
harm to the intellect than does destruction of 
both prefrontal areas. 

Psychological studies in lower animals have 
shown that all portions of the cortex not im¬ 
mediately associated with either sensory or 
motor functions are important in the ability of 
an animal to learn complicated information— 
such as a rat’s learning to run through a 
maze—and that all the different areas are ap¬ 
proximately equipotent in this regard. There¬ 
fore, the importance of the prefrontal areas to 
the human being is perhaps not that these areas 
perform some specific function different from 
those of other cortical areas, but primarily that 
they supply much additional cortical area in 
which cerebration can take place. 

The prefrontal areas also control some of the 
autonomic functions of the body by transmitting 
impulses to the hypothalamus either directly or 
indirectly through the thalamus. These func¬ 
tions are described in the following two chap¬ 
ters. 

Prevention of Distractibility by the Prefron¬ 
tal Areas. One of the outstanding characteris¬ 
tics of a person who has lost his prefrontal areas 


is the ease with which he can be distracted from 
a sequence of thoughts. Likewise, in lower 
animals whose prefrontal areas have been re¬ 
moved, the ability to concentrate on psycholog¬ 
ical tests is almost completely lost. The human 
being without prefrontal areas is still capable of 
performing many intellectual tasks, such as 
answering short questions and performing sim¬ 
ple arithmetic computations (such as 9 x 6 = 
54), thus illustrating that the basic intellectual 
activities of the cerebral cortex are still intact 
without the prefrontal areas. Yet if concerted 
sequences of cerebral functions are required of 
the person, he becomes completely disor¬ 
ganized. Therefore, the prefrontal areas seem to 
be important in keeping the mental functions 
directed toward goals. 

Possible Role of the Prefrontal Lobes for 
“Immediate Memory.” Some research work¬ 
ers have suggested that the highly distractible 
nature ^f a person or animal after the prefrontal 
lobes have been destroyed results from loss of 
the ability to retain immediate memory. How¬ 
ever, specific psychological tests have proved 
that prefrontal lobectomized human beings still 
have almost normal capability for memory pro¬ 
vided that the information is presented to the 
person in such a way that he is not distracted 
from it while learning. Therefore, it seems that 
this loss of “immediate memory” results from 
inability of the brain to classify incoming infor¬ 
mation and to “code” it for storage in the mem¬ 
ory areas. Without this ability to code the in¬ 
formation, it is lost immediately from the mind, 
thus giving the effect of loss of “immediate 
memory” even though the memory process it¬ 
self probably is not impaired. 

Elaboration of Thought by the Prefrontal 
Areas. Another function that has been as¬ 
cribed to the prefrontal areas by psychologists 
and neurologists is elaboration of thought. This 
means simply an increase in depth and 
abstractness of the different thoughts. Psycho¬ 
logical tests have shown that prefrontal lobec¬ 
tomized lower animals presented with succes¬ 
sive bits of sensory information fail to store 
these bits in memory—probably because of 
their inability to code this information, the ini¬ 
tial requirement for memory storage, as was 
discussed above. If the prefrontal areas are in¬ 
tact, many such successive bits of information 
can be stored in all areas of the brain and can be 
called forth again and again during the sub¬ 
sequent periods of cerebration. This ability of 
the prefrontal areas to cause storage—even 
though it be temporary—of many types of in¬ 
formation simultaneously, and then perhaps 
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j also to cause recall of this information could 
I well explain the many functions of the brain that 
j we associate with higher intelligence, such as 
T the abilities to (1) plan for the future, (2) delay 
} action in response to incoming sensory signals 
I so that the sensory information can be weighed 
j until the best course of response is decided, (3) 
j consider the consequences of motor actions 
f even before these are performed, (4) solve 
i complicated mathematical, legal, or philosophi- 
j cal problems, (5) correlate all avenues of infor- 
‘ mation in diagnosing rare diseases, and (6) con¬ 
trol one’s activities in accord with moral laws. 

Effects of Destruction of the Prefrontal Areas 

The person without prefrontal areas ordinar¬ 
ily acts precipitously in response to incoming 
sensory signals, such as striking an adversary 
too large to be beaten instead of pursuing the 
more judicious course of running away^ Also, 

I he is likely to lose many or most of his morals; 

I he has little embarrassment in relation to his 
excretory, sexual, and social activities; and he 
is prone to quickly changing moods of sweet¬ 
ness, hate, joy, sadness, exhilaration, and rage. 
In short, he is a highly distractible person with 
lack of ability to pursue long and complicated 
thoughts. 

THOUGHTS, MEMORY, 

LEARNING, AND 
CONSCIOUSNESS 

Though all of us know what a thought is, any 
attempt to describe it in abstract terms is almost 
impossible. The comprehension of a visual 
scene at a given instant would be a single 
thought; or overall comprehension of one’s sur¬ 
roundings in response to other sensory informa¬ 
tion would be another thought; projection in 
one’s mind of a mathematical equation is still a 
third thought. Thus, each instant of awareness 
could be defined as a thought. And the aware¬ 
ness itself can be defined as consciousness. 

With the above definitions of thoughts and 
consciousness in mind, it now becomes easy to 
define memory and learning. Memory is the 
capability of recalling a thought at least once 
and usually again and again, and learning is the 
capability of the nervous system to store 
memories. Therefore, thoughts, consciousness, 
memory, and learning all go hand in hand and, 
in so far as the central nervous system is con¬ 
cerned, are almost inseparable. 

Our most difficult problem in discussing con¬ 


sciousness, thoughts, memory, and learning is 
that we do not know the neural mechanism of a 
thought. We know that destruction of large por¬ 
tions of the cerebral cortex does not prevent a 
person from having thoughts, but it does reduce 
his degree of awareness of his surroundings. On 
the other hand, destruction of far smaller por¬ 
tions of the thalamus, or especially of the mes¬ 
encephalic portion of the reticular activating 
system can cause tremendously decreased 
awareness or even complete unconsciousness. 

Each thought almost certainly involves simul¬ 
taneous signals in portions of the cerebral cor¬ 
tex, thalamus, rhinencephalon, and reticular 
formation of the brain stem. Some crude 
thoughts probably depend almost entirely on 
lower centers; the thought of pain is probably a 
good example, for electrical stimulation of the 
human cortex rarely elicits anything more than 
the mildest degrees of pain, while stimulation of 
certain areas of the hypothalamus and mesen¬ 
cephalon in animals apparently causes ex¬ 
cruciating pain. On the other hand, a type of 
thought pattern that requires mainly the cere¬ 
bral cortex is that involving vision, because loss 
of the visual cortex causes complete inability to 
perceive visual form or color. 

Therefore, we might formulate a definition of 
a thought in terms of neural activity as follows: 
A thought probably results from the momentary 
“pattern” of stimulation of many different parts 
of the nervous system at the same time, proba¬ 
bly involving most importantly the cerebral cor¬ 
tex, the thalamus, the rhinencephalon, and the 
upper reticular formation of the brain stem. The 
stimulated areas of the rhinencephalon, thal¬ 
amus, and reticular formation perhaps deter¬ 
mine the crude nature of the thought, giving it 
such qualities as pleasure, displeasure, pain, 
comfort, crude modalities of sensation, locali¬ 
zation to general parts of the body, and other 
gross characteristics. On the other hand, the 
stimulated areas of the cortex probably deter¬ 
mine the discrete characteristics of the thought 
(such as specific localization of sensations in the 
body and of objects in the fields of vision), dis¬ 
crete patterns of sensation (such as the rectan¬ 
gular pattern of a concrete block wall or the 
texture of a rug), and other individual charac¬ 
teristics that enter into the overall awareness of 
a particular instant. 

MEMORY AND TYPES OF MEMORY 

If we accept the above approximation of what 
constitutes a thought, we can see immediately 
that the mechanism of memory must be equally 
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as complex as the mechanism of a thought, for, 
to provide memory, the nervous system must 
re-create the same spatial and temporal pattern 
of stimulation in the central nervous system at 
some future date. Though we cannot explain in 
detail what a memory is, we do know some of 
the basic neuronal processes that probably lead 
to the process of memory. 

All of us know that all degrees of memory 
occur, some memories lasting a few seconds 
and others lasting hours, days, months, or 
years. Possibly all of these types of memory are 
caused by the same mechanism operating to dif¬ 
ferent degrees of fulfillment. Yet, it is also pos¬ 
sible that different mechanisms of memory do 
exist. Indeed, most physiologists classify mem¬ 
ory into from two to four different types. For 
the purpose of the present discussion, we will 
use the following classification: 

1. Sensory memory 

2. Short-term memory or primary memory 

3. Long-term memory, which itself can be 
divided into secondary memory and tertiary 
memory 

The basic characteristics of these types of 
memory are the following: 

Sensory Memory. Sensory memory means 
the ability to retain sensory signals in the sen¬ 
sory areas of the brain for a very short interval 
of time following the actual sensory experience. 
Usually these signals remain available for 
analysis for several hundred milliseconds but 
are replaced by new sensory signals in less than 
one second. Nevertheless, during the short 
interval of time that the instantaneous sensory 
information remains in the brain it can continue 
to be used for further processing; most impor¬ 
tant, it can be “scanned” to pick out the impor¬ 
tant points. Thus, this is the initial stage of the 
memory process. 

Short-Term Memory (Primary Mem¬ 
ory). Short-term memory (or primary mem¬ 
ory) is the memory of a few facts, words, num¬ 
bers, letters, or other bits of information for a 
few seconds to a minute or more at a time. This 
is typified by a person’s memory of the digits in 
a telephone number for a short period of time 
after he has looked up the number in the tele¬ 
phone directory. This type of memory is usually 
limited to about seven bits of information, and 
when new bits of information are put into this 
short-term store, some of the older information 
is displaced. Thus, if a person looks up a second 
telephone number, the first is usually lost. One 
of the most important features of short-term 
memory is that the information in this memory 
store is instantaneously available so that the 


person does not have to search through his 
mind for it as he does for information that has 
been put away in the long-term memory stores. 

Long-Term Memory. Long-term memory 
is the storage in the brain of information that 
can be recalled at some later time—minutes, 
hours, days, months, or years later. This type of 
memory has been called fixed memory, perma¬ 
nent memory, and by several other names. 
Long-term memory is also usually divided into 
two different types, secondary memory and ter¬ 
tiary memory, the characteristics of which are 
the following: 

A secondary memory is a long-term memory 
that is stored with either a weak or only a mod¬ 
erately strong memory trace. For this reason it 
is easy to forget and it is sometimes difficult to 
recall. Furthermore, the time required to search 
for the information is relatively long. This type 
of memory can last from several minutes to 
several years. When the memories are so weak 
that they will last for only a few minutes to a 
few days, they are also frequently called recent 
memory. 

A tertiary memory is a memory that has be¬ 
come so well ingrained in the mind that the 
memory can usually last the lifetime of the per¬ 
son. Furthermore, the very strong memory 
traces of this type of memory makes the stored 
information available within a split second. This 
type of memory is typified by one’s knowledge 
of his own name, by his ability to recall im¬ 
mediately the numbers from 1 to 10, the letters 
of the alphabet, and the words that he uses in 
speech, and also by the memory of his own pre¬ 
cise physical structure and of his very familiar 
immediate surroundings. 

PHYSIOLOGICAL BASIS OF MEMORY 

Despite the many advances in neurophysiol¬ 
ogy during the past half century, we still cannot 
explain what is perhaps the most important 
function of the brain: its capability for memory. 
Yet, physiological experiments are beginning to 
generate conceptual theories of the means by 
which memory could occur. Some of these are 
discussed in the following few sections. 

Possible Mechanisms for Short-Term 
Memory. Short-term memory requires, a 
neuronal mechanism that can hold specific in¬ 
formation signals for a few seconds to at most a 
minute or more. Several such mechanisms are 
the following: 

Reverberating Circuit Theory of Short-Term 
Memory. When a tetanizing electrical stimulus 
is applied directly to the surface of the cerebral 
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I cortex and then is removed after a second or 
more, the local area excited by this stimulus 
I continues to emit rhythmic action potentials for 
short periods of time. This effect results from 
local reverberating circuits, the signals passing 
through a multistage circuit of neurons in the 
j local area of the cortex itself or perhaps also 
back and forth between the cortex and the 
thalamus. 

It is postulated that sensory signals reaching 
the cerebral cortex can set up similar rever¬ 
berating oscillations and that these could be the 
basis for short-term memory. Then, as the re¬ 
verberating circuit fatigues, or as new signals 
interfere with the reverberations, the short-term 
memory fades away. 

One of the principal observations in support 
of this theory is that any factor that causes a 
general disturbance of brain function, such as 
sudden fright, a very loud noise, or any other 
sensory experience that attracts the person’s 
undivided attention immediately erases the 
1 short-term memory. The memory cannot be re- 
[ called when the disturbance is over unless a 
portion of this memory had already been placed 
into the long-term memory store, as will be dis¬ 
cussed in subsequent sections. 

Post-Tetanic Potentiation Theory of Short-Term 
Memory. In most parts of the nervous system, 
including even the anterior motoneurons of the 
spinal cord, tetanic stimulation of a neuron for a 
few seconds causes a subsequent increased ex¬ 
citability of the neuron for a few seconds to a 
few hours. 

If during this time the neuron is stimulated 
again, it responds much more vigorously than 
normally, a phenomenon called post-tetanic 
potentiation. This is obviously a type of mem¬ 
ory that depends on change in the excitability of 
the involved neurons, and it could be the basis 
for short-term memory. It is likely that this 
phenomenon results from some temporary 
change in the synapses of the neurons. 

DC Potential Theory of Short-Term Mem¬ 
ory. Another change that often occurs in 
neurons following a period of excitation is a pro¬ 
longed decrease in the membrane potential of 
the neuron lasting for from seconds to minutes. 
Because this changes the excitability of the 
neuron, it could be the basis for short-term 
memory. Such changes in neuronal potentials 
are called DC potentials or sometimes elec¬ 
trotonic potentials. Measurements in the cere¬ 
bral cortex show that such potentials occur 
especially in the superficial dendritic layers of 
the cortex, indicating that the process of short¬ 


term memory could result from changes in den¬ 
dritic membrane potentials. 

Mechanism of Long-Term Memoryy 
Enhancement of Synaptic 
Transmission Facility 

Long-term memory means the ability of the 
nervous system to recall thoughts long after ini¬ 
tial elicitation of the thoughts is over. We know 
that long-term memory does not depend on con¬ 
tinued activity of the nervous system, because 
the brain can be totally inactivated by cooling, 
by general anesthesia, by hypoxia, by ischemia, 
or by any other method and yet memories that 
have been previously stored are still retained 
when the brain becomes active once again. 
Therefore, it is assumed that long-term memory 
must result from some actual alterations of the 
synapses, either physical or chemical. 

Many different theories have been offered to 
explain the synaptic changes that cause long¬ 
term memory. Among the most important of 
these are: 

1. Anatomical Changes in the Synapses. 

Cajal, more than half a century ago, discovered 
that the number of terminal fibrils ending on 
neuronal cells and dendrites in the cerebral cor¬ 
tex increases with age. Conversely, 
physiologists have shown that inactivity of re¬ 
gions of the cortex causes thinning of the cor¬ 
tex: for instance, thinning of the primary visual 
cortex in animals that have lost their eyesight. 
Also, intense activity of a particular part of the 
cortex can cause excessive thickening of the 
cortical shell in that area alone. This has been 
demonstrated especially in the visual cortex of 
animals subjected to repeated visual experi¬ 
ences. Finally, some neuroanatomists believe 
that they can observe electronmicrographic 
changes in presynaptic terminals that have been 
subjected to intense and prolonged activity. 

All of these observations have led to a widely 
held belief that fixation of memories in the brain 
results from physical changes in the synapses 
themselves: perhaps changes in numbers of 
presynaptic terminals, perhaps in sizes of the 
terminals, perhaps in the sizes and conduc¬ 
tivities of the dendrites, or perhaps in their 
chemical compositions. Also, it has been 
suggested that permanent changes might occur 
in excitability of the postsynaptic neurons. 
Such physical changes could cause permanent 
or semipermanent increase in the degree of 
facilitation of the synapses, thus allowing sig¬ 
nals to pass through the synapses with progres- 
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sive ease the more often the memory trace is 
used. This obviously would explain the tend¬ 
ency for memories to become more and more 
deeply fixed in the nervous system the more 
often they are recalled or the more often the 
person repeats the sensory experience that 
leads to the memory trace. 

2. Theoretical Function of RNA in Mem¬ 
ory. The discovery that DNA and RNA can 
act as codes to control reproduction, which in 
itself is a type of memory from one generation 
to another, plus the fact that these substances 
once formed in a cell tend to persist for the 
lifetime of the cell, has led to the theory that 
nucleic acids might be involved in memory 
changes of the neurons, changes that could last 
for the lifetime of the person. In addition, bio¬ 
chemical studies have shown an increase in 
RNA in some active neurons. Yet, a mechanism 
by which RNA could cause facilitation of 
synaptic transmission has never been found. 
Therefore, this theory seems to be based mainly 
on analogy rather than on factual evidence. The 
only possible supporting evidence is that sev¬ 
eral research workers have claimed that long¬ 
term memory will not occur to a significant ex¬ 
tent when the chemical processes for formation 
of RNA or of protein are blocked. Since these 
substances are required for anatomical changes 
in the synapses as well as for RNA synthesis, 
however, these observations could support al¬ 
most any type of theory for long-term memory. 

3. The Glial Theory and Other Extra¬ 
neuronal Theories. Anatomists have dem¬ 
onstrated that the structures of glial cells 
surrounding neurons change markedly under 
different functional conditions. This obviously 
has led to the theory that glial changes might 
increase the facilitation of synapses and, there¬ 
fore, be the basis of memory. Also, chemists 
have demonstrated that the quantity and chemi¬ 
cal composition of mucopolysaccharides sur¬ 
rounding synapses change under different func¬ 
tional conditions, and this leads to still another 
theory for memory. However, in both of these 
instances there has been little more than cir¬ 
cumstantial evidence. 

Summary. The theory that seems most 
likely at present for explaining long-term mem¬ 
ory is that some actual physical or chemical 
change occurs in the synaptic knobs themselves 
or in the postsynaptic neurons, these changes 
permanently facilitating the transmission of im¬ 
pulses at the synapses. If all the synapses are 
thus facilitated in a thought circuit, this circuit 
can be re-excited by any one of many diverse 


incoming signals at later dates, thereby causing 
memory. The overall facilitated circuit is called 
a memory engram or a memory trace. 

Consolidation of Long-Term Memory 

If a memory is to last in the brain so that it 
can be recalled days later, it must become 
“consolidated” in the neuronal circuits. This 
process requires 5 to 10 minutes for minimal 
consolidation and an hour or more for maximal 
consolidation. For instance, if a strong sensory 
impression is made on the brain but is then fol¬ 
lowed within a minute or so by an electrically 
induced brain convulsion, the sensory experi¬ 
ence will not be remembered at all. Likewise, 
brain concussion, sudden application of deep 
general anesthesia, and other effects that tem¬ 
porarily block the dynamic function of the brain 
can prevent consolidation. 

However, if the same sensory stimulus is im¬ 
pressed on the brain and the strong electrical 
shock is delayed for more than 5 to 10 minutes, 
at least part of the memory trace will have be¬ 
come established. If the shock is delayed for an 
hour or more, the memory will have become 
fully consolidated. 

This process of consolidation and the time 
required for consolidation can probably be 
explained by the phenomenon of rehearsal of 
the short-term memory as follows: 

Role of Rehearsal in Transference of 
Short-Term Memory into Long-Term Mem¬ 
ory. Psychological studies have shown that 
rehearsal of the same information again and 
again accelerates and potentiates the degree of 
transfer of short-term memory into long-term 
memory, and therefore also accelerates and 
potentiates the process of consolidation. The 
brain has a natural tendency to rehearse new¬ 
found information, and especially to rehearse 
new-found information that catches the mind’s 
attention. Therefore, over a period of time the 
important features of sensory experiences be¬ 
come progressively more and more fixed in the 
long-term memory stores. This explains why a 
person can remember small amounts of infor¬ 
mation studied in depth far better than he can 
remember large amounts of information studied 
only superficially. And it also explains why a 
person who is wide-awake will consolidate 
memories far better than will a person who is in 
a state of mental fatigue. 

Codifying of Memories During the Process 
of Consolidation. One of the most important 
features of the process of consolidation is that 
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memories to be placed permanently into the 
long-term memory storehouse are first codified 
into different classes of information. During this 
process similar information is recalled from the 
long-term storage bins and is used to help proc¬ 
ess the new information. The new and old are 
compared for similarities and for differences, 
and part of the storage process is to store the 
information about these similarities and differ¬ 
ences rather than simply to store the informa¬ 
tion unprocessed. Thus, during the process of 
consolidation, the new memories are not stored 
randomly in the mind, but instead are stored in 
direct association with other memories of the 
same type. This is obviously necessary if one is 
to be able to scan the memory store at a later 
date to find the required information. 

Transfer of Sensory Memory into Long- 
Term Memory. Some physiopsychologists 
believe that sensory memory can be transferred 
directly into long-term memory without first 
passing through the stage of short-term mem¬ 
ory. This would apply to such information as 
visual scenes, musical tunes, tactile experi¬ 
ences, and so forth. Here again, the greater the 
number of times that the person experiences the 
sensory information, which is a form of re¬ 
hearsal, the greater also is the degree of con¬ 
solidation of the memories. 

Change of Long-Term Secondary Memory 
into Long-Term Tertiary Memory—Role of 
Rehearsal. Rehearsal also plays an extremely 
important role in changing the weak trace type 
of long-term memory, called secondary mem¬ 
ory, into the strong trace type, called tertiary 
memory. That is, each time a memory is re¬ 
called or each time the same sensory experience 
is repeated, a more and more indelible memory 
trace develops in the brain. The memory finally 
becomes so deeply fixed in the brain that it can 
be recalled within fractions of a second and it 
will also last for a lifetime, both of which are the 
characteristics of long-term tertiary memory. 

Role of Specific Parts of the Brain 
in the Memory Process 

Role of the Hippocampus for Rehearsal, 
Codification, and Consolidation of Mem¬ 
ories—Anterograde Amnesia. Persons who 
have had both hippocampal gyri removed have 
essentially normal memory for information 
stored in the brain prior to removal of the hip¬ 
pocampi. However, after loss of these gyri, 
these persons have very little capability for 
transferring short-term memory into long-term 


memory. That is, they do not have the ability to 
separate out the important information, to 
codify it, to rehearse it, and to consolidate it in 
the long-term memory store. Therefore, these 
persons develop serious anterograde amnesia, 
meaning simply inability to establish new 
memories. 

Other types of lesions that frequently give an¬ 
terograde amnesia include lesions of (1) the 
mammillary bodies, (2) the anterior nuclei of the 
thalamus, (3) the anterior columns of the fornix, 
or (4) the dorsal medial nuclei of the thalamus. 

Retrograde Amnesia—Possible Relation to 
Thalamic Lesions. Excessive damage to large 
portions of the thalamus is incompatible with 
life. However, lesser thalamic damage will 
often lead to some degree of retrograde am¬ 
nesia, which means inability to recall memories 
from the long-term store even though these 
memories are still known to be there. In the 
previous chapter, it was pointed out that the 
thalamus possibly or probably plays a major 
role in directing the person’s attention to infor¬ 
mation in different parts of his immediate sen¬ 
sory sphere or of his memory storehouse. 
Therefore, the thalamus could easily play simi¬ 
lar important roles in codifying, storing, and re¬ 
calling memories. 

INTELLECTUAL OPERATIONS 
OF THE BRAIN 

Thus far, we have considered the approxi¬ 
mate nature of thoughts and possible mech¬ 
anisms by which memory and learning can oc¬ 
cur. Now we need to consider the mechanisms 
by which the brain performs complex intellec¬ 
tual operations, such as the analysis of sensory 
information and the establishment of abstract 
thoughts. About these mechanisms we know 
almost nothing, but experiments along these 
lines have established the following important 
facts: First, the brain can focus its attention on 
specific types of information (which was dis¬ 
cussed in the preceding chapter). Second, the 
different qualities of each set of information 
signals are split away from the central signal 
and are transmitted to multiple areas of the 
brain. Third, the brain compares new informa¬ 
tion with old information in its memory loci. 
And, fourth, the brain determines patterns of 
stimulation. 

Analysis of Information by Splitting its 
Qualities. When sensory information enters 
the nervous system, one of the first steps in its 
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analysis is to transmit the signal to separate 
parts of the brain that are selectively adapted 
for detecting specific qualities. For instance, if 
the hand is placed on a hot stove, (a) pain in¬ 
formation is sent through the spinoreticular and 
spinothalamic tracts into the reticular formation 
of the brain stem and into certain thalamic and 
hypothalamic nuclei, (b) tactile information is 
sent through the dorsal column system to the 
somesthetic cortex, giving the cortex a detailed 
description of the part of the hand that is touch¬ 
ing the hot stove, and (c) kinesthetic informa¬ 
tion from the muscles and joints is sent to the 
cerebellum, the reticular formation, and to 
higher centers of the brain to give momentary 
information of the position of the hand. Thus, 
the different qualities of the overall information 
are dissected and transmitted to different parts 
of the brain. It is on the basis of analyses in all 
these parts of the brain that motor responses to 
the incoming sensory information are formu¬ 
lated. 

One can see that different centers of the brain 
react to specific qualities of information—the 
reticular formation and certain regions of the 
thalamus and hypothalamus to pain, regions of 
the mesencephalon and hypothalamus to the af¬ 
fective nature of the sensation (that is, whether 
it is pleasant or unpleasant), the somatic cortex 
to the localization of sensation, other areas to 
kinesthetic activities, and others to visual, au¬ 
ditory, gustatory, olfactory, and vestibular in¬ 
formation. 

Analysis of New Information by Compari¬ 
son with Memories. We all know that new 
sensory experiences are immediately compared 
with previous experiences of the same or simi¬ 
lar types. For instance, this is the way we rec¬ 
ognize a person whom we know. Yet, it still 
remains a mystery how we can make these 
comparisons. One theory suggests that the 
memory trace might be stored in one layer of 
the cerebral cortex and that the new incoming 
sensory experience might be impressed on 
another layer. If the new pattern of stimulation 
matches the memory trace, some interaction 
between the two gives the person a sense of 
recognition. 

Analysis of Patterns. In analyzing informa¬ 
tion, the brain depends to a great extent on 
“patterns” of stimulation. For instance, a 
square is detected as a square regardless of its 
position or angle of rotation in the visual field. 
Likewise, a series of parallel bars is detected as 
parallel bars regardless of their orientation, or a 
fly is detected as a fly whether it is seen in the 
peripheral or central field of vision. We can ex¬ 


tend the same logic to the somatic sensory 
areas, for a person can detect a cube simply by 
feeling it whether it be in an upright, horizontal, 
or angulated position. Also, it can be detected 
even by the feet even though the feet may have 
never felt a cube before. 

It is believed that one of the major methods 
for analyzing information is to dissect it into its 
component patterns. For instance, repetitive 
auditory sensations and visual sensations of a 
series of lights have at least one characteristic in 
common: both have the pattern of repetitive¬ 
ness. Yet we cannot say how patterns of sensa¬ 
tions are detected. One theory holds that their 
detection results from traveling waves passing 
through the cortex. As these cross the brain 
they might cause a signal to be transmitted 
every time they interact with an excited point of 
the cortex. For instance, if a traveling wave 
were passing over a visual cortex that is being 
excited by a regular series of lights, every time 
this wave should come in contact with an acti¬ 
vated point, a signal would theoretically be 
transmitted away from the cortex to some 
analyzer portion of the brain. The analyzer 
would receive a train of rhythmic impulses, 
each impulse denoting a separate light, and this 
train of impulses could then theoretically give 
the person the sensation of repetitiveness. 
Likewise, repetitive sounds entering the ears 
could transmit a train of impulses to the same 
analyzer which would also give a sensation of 
repetitiveness, or movement of the hand over a 
corrugated surface could give the analyzer the 
same sensation of repetitiveness. 

If we use our imaginations, we can see that 
only a few different types of analytical patterns 
can go a long way toward explaining almost all 
types of sensory impressions. 

Processing of Information so that Patterns Can 
Be Determined. Beautiful examples of the abil¬ 
ity of the brain to process information for de¬ 
termination of patterns have been discovered in 
relation to the visual system. In Chapter 18 we 
point out that the retina itself processes visual 
information to a great extent even before it is 
transmitted into the brain. For instance, the ret¬ 
ina is especially responsive to rapidly changing 
light intensities or to movement of images 
across the receptors, and the signals sent to the 
brain are appropriately modified to transmit 
these qualities. Then, when the image is trans¬ 
mitted through the lateral geniculate body and 
thence into the primary visual cortex, the visual 
signals are altered again in such a way that the 
cortex detects mainly boundaries between light 
and dark areas. That is, the visual scene is “dif- 
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ferentiated” by this mechanism, bringing out 
strongly the contrasts of the scene but de¬ 
emphasizing the flat areas. This explains why a 
few lines drawn on a paper can give one the 
impression of a person’s appearance. Certainly 
the lines do not represent the actual picture of a 
person, but they do give the visual cortex the 
same pattern of contrasts that his own visual 
system would give. 

One can see, therefore, that the visual cortex 
utilizes transformed types of information to 
point up the most striking characteristics of the 
visual scene while neglecting unimportant in¬ 
formation. Then, the patterns of the visual 
scene can be extracted from this “pre-selected” 
information. 

Conversion of Information in Association 
Areas of the Brain. Certain areas of the brain 
perform specific functions, such as the primary 
sensory areas and the motor areas. On the other 
hand, some of the remainder of the brain, the 
association areas, do not necessarily perform 
functions only associated with a particular 
modality of sensation or with a specific motor 
function. These areas often receive information 
from several sensory inputs and also from other 
association areas of the brain. Association areas 
are also located in lower brain regions, such as 
in the thalamus and caudate nuclei. Indeed, for 
every association area in the cortex, there is a 
reciprocally connected association area of the 
thalamus. In addition, other areas of the 
thalamus, such as the centromedial and dor- 
somedial nuclei, interconnect widely within the 
thalamus itself and presumably act as associa¬ 
tion areas between the different thalamic nuclei. 

It is in the association areas that information 
from different sources interact. Thus, the pos¬ 
terior temporal lobe and the angular gyrus of the 
cerebral cortex, where the temporal, parietal, 
and occipital lobes all come together, is an as¬ 
sociation area that receives auditory, visual, 
and tactile information. Neurophysiological ex¬ 
periments have demonstrated that these in¬ 
teracting types of information can at times in¬ 
hibit each other and at other times facilitate 
each other. Yet, how the interactions in the as¬ 
sociation areas are analyzed beyond this point 
is still a mystery. 

INTELLECTUAL ASPECTS OF 
MOTOR CONTROL 

Control of muscular movements by the cere¬ 
bral cortex and other areas of the brain was 
discussed in Chapter 11, but we still need to 


consider the manner in which the intellectual 
operations of the brain elicit motor events. Al¬ 
most all sensory and even abstract experiences 
of the mind are eventually expressed in some 
type of motor activity, such as actual muscular 
movements of a directed nature, tenseness of 
the muscles, total relaxation of the muscles, at¬ 
tainment of certain postures, tapping of the 
fingers, grimaces of the face, or speech. 

Psychological tests show that the analytical 
portions of the brain control motor activities in 
the following sequence of three stages: (1) ori¬ 
gin of the thought of the motor activity to be 
performed, (2) determination of the sequence of 
movements necessary to perform the overall 
task, and (3) control of the muscular move¬ 
ments themselves. 

Origin of the Thought of a Motor Activity in 
the General Interpretative Area of the 
Brain. A large number of motor movements, 
which we call subconscious movements, are 
conceived in the lower regions of the brain, but 
complex learned tasks can be performed only 
when the cerebral cortex is present. The most 
important cortical areas for this purpose are the 
posterior part of the superior temporal gyrus 
and the angular gyrus of the dominant hemi¬ 
sphere. The student will immediately recognize 
this area to be the general interpretative area of 
the brain. Thus, the sensory interactions that 
take place in this all-important sensory part of 
the dominant hemisphere not only play a major 
role in interpreting sensory experiences but also 
in determining the person’s course of motor ac¬ 
tivities. 

Determination of Sequences of Move¬ 
ment. In our earlier discussion of cortical con¬ 
trol of motor activities, it was pointed out that 
the somatic association area is necessary for 
performance of complex learned movements; 
destruction of this area both in animals and 
human beings causes the motor activities to lose 
much of their purposefulness. Therefore, it is 
postulated that once the general interpretative 
area of the brain has determined the motor ac¬ 
tivity to be performed, the actual sequences of 
movement are determined in the somatic as¬ 
sociation areas as discussed in Chapter 11. Sig¬ 
nals are transmitted from here to the motor por¬ 
tion of the brain to control the actual motor 
movements, as also discussed in Chapter 11. 

FUNCTION OF THE BRAIN 
IN COMMUNICATION 

One of the most important differences be¬ 
tween the human being and lower animals is the 
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facility with which human beings can communi¬ 
cate with one another. Furthermore, because 
neurological tests can easily assess the ability of 
a person to communicate with others, we know 
perhaps more about the sensory and motor sys¬ 
tems related to communication than about any 
other segment of cortical function. Therefore, 
we will review rapidly the function of the cortex 
in communication, and from this one can see 
immediately how the principles of sensory 
analysis and motor control that were just dis¬ 
cussed apply to this art. 

There are two aspects to communication: 
first, the sensory aspect, involving the ears and 
eyes, and, second, the motor aspect, involving 
vocalization and its control. 

Sensory Aspects of Communication. We 
noted earlier in the chapter that destruction of 
portions of the auditory and visual association 
areas of the cortex can result in inability to un¬ 
derstand the spoken word or the written word. 
These effects are called respectively auditory 
receptive aphasia and visual receptive aphasia 
or, more commonly, word deafness and word 
blindness (also called alexia). On the other 
hand, some persons are perfectly capable of 
understanding either the spoken word or the 
written word but are unable to interpret their 
meanings when used to express a thought. This 
results most frequently when the angular gyrus 
or posterior portion of the superior temporal 
gyrus in the dominant hemisphere is damaged 
or destroyed. This is considered to be general 
sensory aphasia or general agnosia. 

Motor Aspects of Communication. Syntac¬ 
tical Aphasia. The process of speech involves 

(a) formation in the mind of thoughts to be ex¬ 
pressed and choice of the words to be used and 

(b) the actual act of vocalization. The formation 
of thoughts and choice of words is principally 
the function of the sensory areas of the brain, 
for we find that a person who has a destructive 
lesion in the same posterior temporal lobe and 
angular gyrus region that is involved in general 
sensory aphasia also has inability to formulate 
intelligible thoughts to be communicated. And 
at other times the thoughts can be formulated, 
but the person is unable to put together the ap¬ 
propriate words to express the thought; this re¬ 
sults most frequently from destruction of the 
angular gyrus. These inabilities to formulate 
thoughts and word sequences are called syntac¬ 
tical aphasias or, in honor of the neurologist 
who first delimited the brain area responsible, 
Wernicke’s aphasia. 

Motor Aphasia. Often a person is perfectly 


capable of deciding what he wishes to say, and 
he is capable of vocalizing, but he simply can¬ 
not make his vocal system emit words instead 
of noises. This effect, called motor aphasia, al¬ 
most always results from damage to Broca’s 
speech area, which lies in the premotor facial 
region of the cortex—about 95 per cent of the 
time in the left hemisphere, as illustrated in Fig¬ 
ure 13-5. Therefore, we assume that the pat¬ 
terns for control of the larynx, lips, mouth, res¬ 
piratory system, and other accessory muscles 
of articulation are all controlled in this area. 

Articulation. Finally, we have the act of ar¬ 
ticulation itself, which means the muscular 
movements of the mouth, tongue, larynx, and 
so forth, that are responsible for the actual 
emission of sound. The facial and laryngeal re¬ 
gions of the motor cortex activate these mus¬ 
cles, and the sensory cortex helps to control the 
muscle contractions by feedback ser¬ 
vomechanisms described in Chapter 11. De¬ 
struction of these regions can cause either total 
or partial inability to speak distinctly. 


FUNCTION OF THE CORPUS 
CALLOSUM AND ANTERIOR 
COMMISSURE TO TRANSFER 
THOUGHTS, MEMORIES, AND 
OTHER INFORMATION TO 
THE OPPOSITE HEMISPHERE 

Fibers in the corpus callosum connect the respec¬ 
tive cortical areas of the two hemispheres with each 
other except for the cortices of the anterior portions 
of the temporal lobes; these temporal cortical areas 
are interconnected by fibers that pass through the 
anterior commissure. Because of the tremendous 
number of fibers in the corpus callosum, it was very 
early believed that this massive structure must have 
some important function to correlate activities of the 
two cerebral hemispheres. However, cutting the cor¬ 
pus callosum in experimental animals, or in occa¬ 
sional instances even in the human being, caused no 
change in the function of the brain that could be dis¬ 
cerned by gross observation. Therefore, for a long 
time the function of the corpus callosum was a mys¬ 
tery. 

However, psychological experiments have now 
demonstrated the function of the corpus callosum 
and the anterior commissure. This can be explained 
best by recounting one of the experiments. A mon¬ 
key is first prepared by cutting the corpus callosum 
and splitting the optic chiasm longitudinally. Then it 
is taught to recognize different types of objects with 
its right eye while its left eye is covered. Then the 
right eye is covered and the monkey is tested to de- 
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termine whether or not its left eye can recognize the 
same object. The answer to this is that the left eye 
cannot recognize the object. Yet, on repeating the 
same experiment with the optic chiasm still split but 
the corpus callosum intact, it is found invariably that 
recognition in one hemisphere of the brain creates 
recognition also in the opposite hemisphere. 

Thus, one of the functions of the corpus callosum 
and the anterior commissure is to make information 
stored in the cortex of one hemisphere available to 
the corresponding cortical area of the opposite 
hemisphere. Two important examples of such coop¬ 
eration between the two hemispheres are: 

1. Cutting of the corpus callosum blocks transfer 
of information from the general interpretative area of 
the dominant hemisphere to the motor cortex on the 
opposite side of the brain. Therefore, the intellectual 
functions of the brain, located primarily in the dom¬ 
inant hemisphere, lose much of their control over the 
right motor cortex and therefore also of the voluntary 
motor functions of the left hand and arm even though 
the usual subconscious movements of the left hand 
and arm are completely normal. 

2. Cutting of the corpus callosum prevents trans¬ 
fer of somatic and visual information from the right 
hemisphere into the general interpretative area of the 
dominant hemisphere. Therefore, somatic and visual 
information from the left side of the body frequently 
fails to reach the general interpretative area of the 
brain and, therefore, cannot be used for decision¬ 
making. 

Yet, in one human being recently studied who had 
been born with congenital absence of the corpus cal¬ 
losum, it was found that most of these associative 
functions between the hemispheres could be per¬ 
formed. This emphasizes the importance of the lower 
brain centers, particularly of the reticular formation 
and of the thalamus, for correlation of activities be¬ 
tween the two sides of the brain. Therefore, it should 
not be thought that the different parts of the cerebral 
cortex communicate with each other only via subcor¬ 
tical fiber tracts because perhaps equally as much 
communication occurs by way of the lower centers 
as well. 
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Behavioral Functions of the 
Brain: The Limbic System, 
Role of the Hypothalamus, and 
Control of Vegetative Functions 


of the 


Behavior is a function of the entire nervous 
system, not of any particular portion. Even the 
discrete cord reflexes are an element of be¬ 
havior, and the wakefulness and sleep cycle 
discussed in Chapter 12 is certainly one of the 
most important of our behavioral patterns. 
However, in this chapter we will deal with those 
special types of behavior associated with emo¬ 
tions, subconscious motor and sensory drives, 
and the intrinsic feelings of pain and pleasure. 
These functions of the nervous system are per¬ 
formed mainly by subcortical structures located 
in the basal regions of the brain. However, 
older portions of the cerebral cortex located on 
the medial and ventral portions of the cerebral 
hemispheres also play a role. This overall group 
of brain structures is frequently called the lim¬ 
bic system. 

Portions of the limbic system, especially the 
hypothalamus and related structures, control 
many of the internal functions of the body, such 
as body temperature, osmolality of the body 
fluids, body weight, and so forth; these func¬ 
tions are collectively called vegetative functions 
of the body. 


THE LIMBIC SYSTEM 

Figure 14-1 illustrates the anatomical struc¬ 
tures of the limbic system, showing these to be 


Body 


an interconnected complex of basal brain ele¬ 
ments. Located in the midst of all of these is the 
hypothalamus, which is considered by many 
anatomists to be a separate structure from the 
remainder of the limbic system, but which, from 
a physiological point of view, is considered to 
be one of the central elements of the system. 
Therefore, Figure 14-2 illustrates schematically 
this key position of the hypothalamus in the 
limbic system and shows that surrounding it are 
the other subcortical structures of the limbic 
system, including the preoptic area, the sep¬ 
tum, the paraolfactory area, the epithalamus, 
the anterior nuclei of the thalamus, portions of 
the basal ganglia, the hippocampus, and the 
amygdala. SuiTounding the subcortical limbic 
areas is the limbic cortex composed of a ring of 
cerebral cortex (a) beginning in the orbitofron- 
tal area on the ventral surface of the frontal 
lobes, (b) extending upward in front of and over 
the corpus callosum onto the medial aspect of 
the cerebral hemisphere to the cingulate gyrus, 
and finally (c) passing posterior to the corpus 
callosum and downward onto the ventromedial 
surface of the temporal lobe to the hippocampal 
gyrus, pyriform area, and uncus. Thus, on the 
medial and ventral surfaces of each cerebral 
hemisphere is a ring of paleocortex that sur¬ 
rounds a group of deep structures intimately as¬ 
sociated with overall behavior and with emo¬ 
tions. 
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Figure 14-1. Anatomy of the limbic system illustrated by the shaded areas of the figure. (From Warwick and 
Williams: Gray’s Anatomy, 35th Brit. Ed., London, Longman Group Ltd., 1973.) 


In the past, many neurophysiologists have 
lumped the entire limbic system together as a 
unit structure that controls the different emo¬ 
tional and behavioral patterns of the nervous 
system. As we learn more about the various 
portions of this system, it is becoming evident 
that different areas of the system perform very 
specific functions. 

VEGETATIVE FUNCTIONS OF 
THE HYPOTHALAMUS 

The hypothalamus provides the most impor¬ 
tant output pathway through which the limbic 
system controls many major functions of the 
body, especially the vegetative functions, 
which are the involuntary functions necessary 
for living. The different hypothalamic centers 
are so important in these controls that they rep¬ 
resent one of the essential control centers of the 
body. Some of the specific factors controlled by 
the hypothalamus are arterial pressure, thirst. 


water conservation, body temperature, sexual 
functions, and many more. To illustrate the or¬ 
ganization of the hypothalamus as a functioning 
unit, we will summarize some of its vegetative 
functions here. 

Figure 14-3 summarizes most of the vegeta¬ 
tive functions of the hypothalamus and shows, 
with the exception of the lateral hypothalamic 
areas that overlie the areas illustrated, the 
major nuclei or major areas which when stimu¬ 
lated affect respective vegetative activities. A 
word of caution must be issued in studying this 
diagram, however, for the areas that cause 
specific activities are not nearly so discrete as 
shown in the figure. The illustrated areas are 
merely those from which the functions are 
likely to be elicited. Also, it is not known 
whether the effects noted in the figure result 
from activation of specific control nuclei or 
whether they result merely from activation of 
fiber tracts leading from control nuclei located 
elsewhere. For instance, stimulation of the 
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Figure 14-2. The limbic system. 


posterior hypothalamus, through which many 
of the fiber pathways from other portions of the 
hypothalamus pass, can at times elicit many 
functions believed to be controlled primarily by 
other hypothalamic nuclei. With this caution in 
mind, we can give the following general descrip¬ 
tion to the vegetative control functions of the 
hypothalamus. 

Cardiovascular Regulation. Stimulation of 
widespread areas throughout the hypothalamus can 
cause every known type of neurogenic effect in the 
cardiovascular system, including increased arterial 
pressure, decreased arterial pressure, increased 


heart rate, and decreased heart rate. In general, 
stimulation in the posterior and lateral hypothalamus 
increases the arterial pressure and heart rate, while 
stimulation in the preoptic area often has opposite 
effects, causing a decrease in both heart rate and 
arterial pressure. These effects are transmitted 
mainly through the cardiovascular control centers in 
the reticular substance of the medulla and pons. 

Regulation of Body Temperature. Large areas 
in the anterior portion of the hypothalamus, espe¬ 
cially in the preoptic area, are concerned with regula¬ 
tion of body temperature. An increase in temperature 
of the blood flowing through these areas increases 
their activity, while a decrease in temperature de¬ 
creases their activity. In turn, these areas control the 
mechanisms for increasing or decreasing body tem¬ 
perature, such as sweating and skin temperature. 

Regulation of Body Water. The hypothalamus 
regulates body water in two separate ways, by (1) 
creating the sensation of thirst, which makes an ani¬ 
mal drink water, and (2) controlling the excretion of 
water into the urine. An area called iht thirst center 
is located in the lateral hypothalamus. When the elec¬ 
trolytes inside the neurons of this small center be¬ 
come too concentrated, the animal develops an in¬ 
tense desire to drink water; he will search out the 
nearest source of water and drink enough to return 
the electrolyte concentration of the thirst center to 
normal. 

Control of renal excretion of water is vested 
mainly in the supraoptic nuclei. When the body fluids 
become too concentrated, the neurons of this area 
become stimulated and secrete a hormone called au- 
tidiiiretic hormone. This hormone is stored in the 
posterior pituitary gland and when released into the 
blood acts on the collecting ducts of the kidneys to 
cause massive reabsorption of water, thereby de- 
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Figure 14-3. Autonomic control centers of the hypothalamus. 
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creasing the loss of water into the urine. Thus, both 
the intake and output of body water are controlled. 

Regulation of Uterine Contractility and of Milk 
Ejection by the Breasts. Stimulation of the 
paraventricular nuclei causes its neuronal cells to 
secrete the hormone oxytocin. This in turn causes 
increased contractility of the uterus and also contrac¬ 
tion of the myoepithelial cells that surround the al¬ 
veoli of the breasts, which then causes the alveoli to 
empty the milk through the nipples. At the end of 
pregnancy especially large quantities of oxytocin are 
secreted, and this secretion helps to promote labor 
contractions that expel the baby. Also, when a baby 
suckles the mother’s breast oxytocin is released, and 
this release performs the necessary function of expel¬ 
ling the milk through the nipple so that the baby can 
nourish itself. When this mechanism fails, the mother 
becomes unable to feed her baby. 

Gastrointestinal and Feeding Regulation. Ex¬ 
citation of several areas of the hypothalamus causes 
an animal to experience extreme hunger, a voracious 
appetite, and an intense desire to search for food. 
The two areas that, when excited, are most as¬ 
sociated with hunger are the perifoniical nucleus and 
the lateral hypothalamic area. On the other hand, 
damage to these areas of the hypothalamus causes 
the animal to lose desire for food, sometimes causing 
starvation. 

A center that opposes the desire for food, called 
the satiety center, is located in the ventromedial mi- 
clens. When this center is stimulated, an animal that 
is eating food suddenly stops eating and shows com¬ 
plete indifference to the food. On the other hand, if 
this area is destroyed, the animal cannot be satiated, 
but instead, his hypothalamic hunger centers become 
i overactive so that he has a voracious appetite, often 
resulting in tremendous obesity. 

Another area of the hypothalamus that enters into 
I the overall control of gastrointestinal activity is the 
dorsomedial nnclens which, when stimulated, in¬ 
creases the degree of peristalsis in the gut and also 
increases glandular secretion. Also, the mammillary 
body enters into many feeding reflexes, such as lick¬ 
ing the lips and swallowing. 

Hypothalamic Control of the Anterior Pituitary 
Gland. Stimulation of certain areas of the hypo¬ 
thalamus also causes the anterior pituitary gland to 
secrete its hormones. This subject is a key element in 
the study of endocrinology. Although we will not dis¬ 
cuss it in detail here, briefly, the basic mechanism of 
the control of the anterior pituitary is the following: 

The anterior pituitary receives its blood supply 
mainly from veins that flow into the anterior pituitary 
sinuses from the lower part of the hypothalamus. As 
the blood courses through the hypothalamus before 
reaching the anterior pituitary, neurosecretory sub¬ 
stances are secreted into the blood by various 
hypothalamic nuclei. They are then transported in 
the blood to the pituitary tissues where they act on 
the glandular cells to cause release of the anterior 
pituitary hormones. 


thalamus has been said to cause secretion of specific 
hormones: (1) preoptic and anterior hypothalamic 
nuclei, thyrotropin; (2) posterior hypothalamus and 
median eminence of the infundibulum, corticotropin; 
(3) median eminence, follicle-stimulating hormone; 
and (4) anterior hypothalamus, luteinizing hormone. 

Summary, A number of discrete areas of the 
hypothalamus have now been found that control 
specific vegetative functions. However, these areas 
are still poorly delimited, so much so that the above 
separation of different areas for different hypotha¬ 
lamic functions is partially artificial. 


ROLE OF THE RETICULAR 
FORMATION IN BEHAVIORAL 
FUNCTIONS OF THE BRAIN 

At this point we need to recognize that many 
of the behavioral functions elicited from the 
hypothalamus and from other limbic structures 
are mediated through the reticular formation of 
the brain stem. It was pointed out in Chapters 
10 and 12 that stimulation of the excitatory por¬ 
tion of the reticular formation can cause high 
degrees of somatic excitability; in Chapter 15 
we will see that most of the signals for control of 
the autonomic nervous system either originate 
in or are transmitted from higher centers 
through nuclei located in the brain stem reticu¬ 
lar formation. 

Therefore, from a physiological point of view 
the reticular formation is a very important part 
of the limbic system even though anatomically 
it is considered to be a separate entity. A very 
important route of communication between the 
limbic system and the reticular formation is the 
medial forehrain bundle that extends from the 
septal and orbitofrontal cortical regions down¬ 
ward through the hypothalamus to the reticular 
formation. This bundle carries fibers in both di¬ 
rections, forming a trunk-line communication 
system. A second route of communication is 
through short pathways among the reticular 
formation, the thalamus, the hypothalamus, and 
most of the other contiguous areas of the basal 
brain. 

BEHAVIORAL FUNCTIONS OF 
THE LIMBIC SYSTEM 

PLEASURE AND PAIN; REWARD 
AND PUNISHMENT 

In recent years, it has been learned that many 
hypothalamic and other limbic structures are 
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particularly concerned with the affective nature 
of sensory sensations—that is, with whether the 
sensations are pleasant or painful. These affec¬ 
tive qualities are also called reward and 
punishment ov satisfaction and aversion. Elec¬ 
trical stimulation of certain regions pleases or 
satisfies the animal, whereas electrical stimula¬ 
tion of other regions causes extreme pain, fear, 
defense, escape reactions, and all the other 
elements of punishment. Obviously, these two 
oppositely responding systems greatly affect 
the behavior of the animal. 

Reward Centers. Figure 14-4 illustrates a 
technique that has been used for localizing the 
specific reward and punishment areas of the 
brain. In this figure a lever is placed at the side 
of the cage and is arranged so that depressing 
the lever makes electrical contact with a 
stimulator. Electrodes are placed successively 
at different areas in the brain so that the animal 
can stimulate the area by pressing the lever. If 
stimulating the particular area gives the animal 
a sense of reward, then he will press the lever 
again and again, sometimes as much as 7000 
times per hour. Furthermore, when offered the 
choice of eating some delectable food as op¬ 
posed to the opportunity to stimulate the re¬ 
ward center, he often chooses the electrical 
stimulation. 

By using this procedure, the major reward 
centers have been found to be located in the 
septum and hypothalamus, primarily along the 



Figure 14-4. Technique for localizing reward and 
punishment centers in the brain of a monkey. 


course of the medial forebrain bundle and in the 
ventromedial nuclei of the hypothalamus. Less 
potent reward centers, which are probably sec¬ 
ondary to the major ones in the septum and 
hypothalamus, are found in the amygdala, cer¬ 
tain areas of the thalamus and basal ganglia, and 
finally extending downward into the basal teg¬ 
mentum of the mesencephalon. 

Punishment Centers. The apparatus illus¬ 
trated in Figure 14-4 can also be connected so 
that pressing the lever turns off rather than 
turns on an electrical stimulus. In this case, the 
animal will not turn the stimulus off when the 
electrode is in one of the reward areas, but 
when it is in certain other areas he immediately 
learns to turn it off. Stimulation in these areas 
causes the animal to show all the signs of pain, 
displeasure, and punishment. Furthermore, 
prolonged stimulation for 24 hours or more 
causes the animal to become severely sick and 
actually leads to death. 

By means of this technique, the principal cen¬ 
ters for pain, punishment, and escape tenden¬ 
cies have been found in the central gray area 
surrounding the aqueduct of Sylvius in the 
mesencephalon and extending upward into the 
periventricular structures of the hypothalamus 
and thalamus. The perifornical nucleus of the 
hypothalamus is the most reactive of all the 
hypothalamic areas. 

It is particularly interesting that stimulation in 
the pain and punishment centers can frequently 
inhibit the reward and pleasure centers com¬ 
pletely, illustrating that pain can take prece¬ 
dence over pleasure and reward. 

Importance of Reward and Punishment in 
Behavior. Almost everything that we do de¬ 
pends on reward and punishment. If we are 
doing something that is rewarding, we continue 
to do it; if it is punishing, we cease to do it. 
Therefore, the reward and punishment centers 
undoubtedly constitute one of the most impor¬ 
tant of all the controllers of our bodily ac¬ 
tivities, our motivations, and so forth. 

Importance of Reward and Punishment in 
Learning and Memory—Habituation or Rein¬ 
forcement. Animal experiments have shown 
that a sensory experience causing neither re¬ 
ward nor punishment is remembered hardly at 
all. Electrical recordings have shown that new 
and novel sensory stimuli always excite the 
cerebral cortex. But repetition of the stimulus 
over and over leads to almost complete extinc¬ 
tion of the cortical response if the sensory ex¬ 
perience does not elicit either a sense of reward 
or punishment. Thus, the animal becomes 
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habituated to the sensory stimulus, and there¬ 
after ignores this stimulus. 

If the stimulus causes either reward or 
punishment rather than indifference, however, 
the cortical response becomes progressively 
more and more intense with repetitive stimula¬ 
tion instead of fading away, and the response is 
said to be reinforced. Thus, an animal builds up 
strong memory traces for sensations that are 
either rewarding or punishing but, on the other 
hand, develops complete habituation to 
indifferent sensory stimuli. Therefore, it is evi¬ 
dent that the reward and punishment centers of 
the midbrain have much to do with selecting the 
information that we learn. 

Effect of Tranquilizers on the Reward and 
Punishment Centers. Administration of a 
tranquilizer, such as chlorpromazine, inhibits 
both the reward and punishment centers, 
thereby greatly decreasing the affective reactiv¬ 
ity of the animal. Therefore, it is presumed that 
tranquilizers function in psychotic states by 
suppressing many of the important behavioral 
areas of the hypothalamus and its associated 
regions of the brain. 

THE AFFECTIVE-DEFENSIVE 
PATTERN— RAGE 

An emotional pattern that involves the 
hypothalamus and has been well characterized 
by Hess is the affective-defensive pattern. This 
can be described as follows: 

Stimulation of the punishment centers of the 
brain, especially the perifornical nuclei of the 
hypothalamus, which are also the hypothalamic 
regions that give the most intense sensation of 
punishment, causes the animal to (1) develop a 
defense posture, (2) extend its claws, (3) lift its 
tail, (4) hiss, (5) spit, (6) growl, and (7) develop 
pilo-erection, wide-open eyes, and dilated 
pupils. Furthermore, even the slightest provo¬ 
cation causes an immediate savage attack. This 
is approximately the behavior that one would 
expect from an animal being severely punished, 
and it is a pattern of behavior that is called rage. 

Stimulation of the more rostral areas of the 
punishment areas—in the midline preoptic 
areas—causes mainly fear and anxiety, as¬ 
sociated with a tendency for the animal to run 
away. 

All aspects of the rage phenomenon can still 
be elicited after decortication of an animal; 
most aspects can be evoked even after the 
thalamus is removed but with the hypothalamus 
intact, except that spontaneous rage is more 


likely to occur if the thalamus is intact. Also, a 
still more primitive pattern of rage can occur 
even in animals whose brain stems are sec¬ 
tioned below the hypothalamus but above the 
mesencephalon. In these animals, extremely 
noxious somatic sensory stimuli will cause the 
animal to grimace, to develop a defense pos¬ 
ture, and to become generally excited. There¬ 
fore, much if not most of the rage pattern is 
mediated through the brain stem reticular for¬ 
mation. 

Docility and Tameness. Exactly the oppo¬ 
site emotional behavioral patterns occur when 
the reward centers are stimulated: docility and 
tameness. 

FUNCTION OF THE HYPOTHALAMUS 
AND ADJACENT AREAS IN SLEEP, 
WAKEFULNESS, ALERTNESS, 

AND EXCITEMENT 

Stimulation of regions of the hypothalamus 
dorsal to the mammillary bodies greatly excites 
the reticular activating system and therefore 
causes wakefulness, alertness, and excitement. 
In addition, the sympathetic nervous system 
becomes excited in general, increasing the arte¬ 
rial pressure, causing pupillary dilatation, and 
enhancing other activities associated with sym¬ 
pathetic activity. 

On the other hand, stimulation in the septum, 
in a few areas of the lateral or anterior hypo¬ 
thalamus, or in isolated points of the thalamic 
portions of the reticular activating system often 
inhibits the mesencephalic portion of the reticu¬ 
lar activating system, causing somnolence and 
sometimes actual sleep. Thus, the hypothal¬ 
amus and other limbic structures indirectly con¬ 
tribute much to the control of the degree of ex¬ 
citement and alertness. 

PSYCHOSOMATIC EFFECTS OF 
THE HYPOTHALAMUS AND 
RETICULAR ACTIVATING SYSTEM 

We are all familiar with the fact that abnormal 
function in the central nervous system can frequently 
lead to serious dysfunction of the different somatic 
organs of the body. This is also true in experimental 
animals, for, as pointed out above, prolonged electri¬ 
cal stimulation in the punishment regions of the brain 
can actually lead to severe sickness of the animal, 
culminating in death within 24 to 48 hours. We need, 
therefore, to understand briefly the mechanisms by 
which stimulatory effects in the brain can affect the 
peripheral organs. Ordinarily, this occurs through 
three routes: (1) through the motor nerves to the 
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skeletal muscles throughout the body, (2) through the 
autonomic nerves to the different internal organs of 
the body, and (3) through the hormones secreted by 
the pituitary gland in response to nervous activity in 
the hypothalamus. 

Psychosomatic Disorders Transmitted Through 
the Skeletal Nervous System. Abnormal psychic 
states can greatly alter the degree of nervous stimula¬ 
tion to the skeletal musculature throughout the body 
and thereby increase or decrease the skeletal muscu¬ 
lar tone. During states of attention the general 
skeletal muscular tone as well as sympathetic tone 
normally increases, whereas during somnolent states 
skeletal muscular and sympathetic activity both de¬ 
crease greatly. In neurotic and psychotic states, such 
as anxiety, tension, and mania, generalized overac¬ 
tivity of both the muscles and sympathetic system 
often occur throughout the body. This in turn results 
in intense feedback from the muscle proprioceptors 
to the reticular activating system, and the epineph¬ 
rine circulating in the blood as a result of the sym¬ 
pathetic activity perhaps also excites the reticular ac¬ 
tivating system, both of which undoubtedly help to 
maintain an extreme degree of wakefulness and 
alertness that characterizes these emotional states. 
Unfortunately, though, the wakefulness prevents 
adequate sleep and also leads to progressive bodily 
fatigue but still inability to go to sleep. 

Transmission of Psychosomatic Effects Through 
the Autonomic Nervous System. Many psycho¬ 
somatic abnormalities result from hyperactivity of 
either the sympathetic or parasympathetic system. In 
general, hyperactivity of the sympathetic system oc¬ 
curs in widespread areas of the body at the same time 
rather than in focal areas, and the usual effects are (1) 
increased heart rate—sometimes with palpitation of 
the heart, (2) increased arterial pressure, (3) consti¬ 
pation, and (4) increased metabolic rate. On the other 
hand, parasympathetic signals are likely to be much 
more focal. For instance, stimulation of specific 
areas in the dorsal motor nuclei of the vagus nerves 
can cause more or less specifically (1) increased or 
decreased heart rate and palpitation of the heart, (2) 
esophageal spasm, (3) increased peristalsis in the 
upper gastrointestinal tract, or (4) increased 
hyperacidity of the stomach with resultant develop¬ 
ment of peptic ulcer. Stimulation of the sacral region 
of the parasympathetic system, on the other hand, is 
likely to cause extreme colonic glandular secretion 
and peristalsis with resulting diarrhea. One can read¬ 
ily see, then, that emotional patterns controlling the 
sympathetic and parasympathetic centers of the 
hypothalamus can cause wide varieties of peripheral 
psychosomatic effects. 

Psychosomatic Effects Transmitted Through the 
Anterior Pituitary Gland. Electrical stimulation of 
the posterior hypothalamus increases the secretion of 
corticotropin by the anterior pituitary gland (as 
explained earlier in the chapter) and therefore indi¬ 
rectly increases the output of adrenocortical hor¬ 
mones. One of the effects of this is a gradual increase 


in stomach hyperacidity because of the effect of 
glucocorticoids on stomach secretion. Over a pro¬ 
longed period of time this obviously could lead to 
peptic ulcer, which is a well-known effect of hyper¬ 
secretion by the adrenal cortex. Likewise, activity in 
the anterior hypothalamus increases the pituitary 
secretion of thyrotropin, which in turn increases the 
output of thyroxine and leads to an elevated basal 
metabolic rate. It is well known that different types 
of emotional disturbances can lead to thyrotoxicosis 
(excess secretion of thyroid hormone), this presuma¬ 
bly resulting from overactivity in the anterior 
hypothalamus. 

From these examples, therefore, it is evident that 
many types of psychosomatic diseases of the body 
can be caused by abnormal control of anterior pitui¬ 
tary secretion. 


FUNCTIONS OF OTHER 
PARTS OF THE 
LIMBIC SYSTEM 

A large portion of the signals originating in other 
parts of the limbic system besides the hypothalamus 
are funneled through the hypothalamus, giving rise to 
various vegetative or behavioral effects that we know 
to result when the hypothalamus is stimulated. Other 
signals are funneled into the reticular activating sys¬ 
tem to control the degree of wakefulness, alertness, 
and attention. And still other behavioral signals are 
transmitted directly from the limbic structures into 
nonlimbic portions of the cerebral cortex to affect 
such diverse activities of the cortex as its analytical 
functions, its sensory functions, and even at times its 
motor functions. 

Yet, unfortunately, the effects caused by many of 
the different limbic structures are mainly subjective, 
which prevents adequate experimental study in ani¬ 
mals. Therefore, our knowledge of the functions of 
many of the limbic structures is very poor indeed. 
About the best that we can do at present is to 
catalogue some of the overt effects known to occur 
when these parts of the limbic system are stimulated. 

FUNCTIONS OF THE AMYGDALA 

The amygdala is a complex of nuclei located im¬ 
mediately beneath the medial surface of the cerebral 
cortex in the pole of each temporal lobe. In lower 
animals, this complex is concerned primarily with 
association of olfactory stimuli with stimuli from 
other parts of the brain. Indeed, it is pointed out in 
Chapter 20 that one of the major divisions of the 
olfactory tract leads directly to a portion of the 
amygdala called the corticomedial nuclei that lie im¬ 
mediately beneath the cortex in the pyriform area of 
the temporal lobe. However, in the human being, 
another portion of the amygdala, the basolaferal nu¬ 
clei, has become much more highly developed than 
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the olfactory portion and plays very important roles 
in many behavioral activities not generally associated 
with olfactory stimuli. 

The amygdala receives impulses from all portions 
of the limbic cortex, from the orbital surfaces of the 
frontal lobes, from the cingulate gyrus, and from the 
hippocampal gyrus. In turn, it transmits signals (a) 
back into these same cortical areas, (b) into the hip¬ 
pocampus, (c) into the septum, (d) the thalamus, and 
(e) especially into the hypothalamus. 

Effects of Stimulating the Amygdala. In gen¬ 
eral, stimulation in the amygdala can cause almost all 
the same effects as those elicited by stimulation of 
the hypothalamus, plus still other effects. The effects 
that are mediated through the hypothalamus include 
(1) increases or decreases in arterial pressure, (2) in¬ 
creases or decreases in heart rate, (3) increases or 
decreases in gastrointestinal motility and secretion, 
(4) defecation and micturition, (5) pupillary dilatation 
or, rarely, constriction, (6) pilo-erection, (7) secre¬ 
tion of the various anterior pituitary hormones, in¬ 
cluding especially the gonadotropins and corticotro¬ 
pin. 

Aside from these effects mediated through the 
hypothalamus, amygdala stimulation can also cause 
different types of involuntary movement. These in¬ 
clude (1) tonic movements, such as raising the head 
or bending the body, (2) circling movements, (3) oc¬ 
casionally clonic, rhythmic movements, and (4) 
different types of movements associated with olfac¬ 
tion and eating, such as licking, chewing, and swal¬ 
lowing. And stimulation can alter respiration or at 
other times stop all movements of an animal, freezing 
the animal in its present postural state, a phenome¬ 
non called the arrest reaction. 

In addition, stimulation of certain amygdaloid nu¬ 
clei can rarely cause a pattern of rage, escape, 
punishment, and pain similar to the affective-defense 
pattern elicited from the hypothalamus as described 
above. And stimulation of other nuclei can give reac¬ 
tions of reward and pleasure. 

Finally, excitation of still other portions of the 
amygdala can cause sexual activities that include 
erection, copulatory movements, ejaculation, ovula¬ 
tion, uterine activity, and premature labor. 

In short, stimulation of appropriate portions of the 
amygdaloid nuclei can give almost any pattern of be¬ 
havior. It is believed that the normal function of the 
amygdaloid nuclei is to help control the overall pat¬ 
tern of behavior demanded for each occasion. 

FUNCTIONS OF THE HIPPOCAMPUS 

The hippocampus is an elongated structure com¬ 
posed of a modified type of cerebral cortex. It folds 
inward to form the ventral surface of the inferior horn 
of the lateral ventricle. One end of the hippocampus 
abuts against the amygdaloid nuclei, and it also fuses 
along one of its borders with the hippocampal gyrus, 
which is the cortex of the ventromedial surface of the 
temporal lobe. The hippocampus has numerous con¬ 


nections with almost all parts of the limbic system, 
including especially the amygdala, hippocampal 
gyrus, cingulate gyrus, hypothalamus, and other 
areas closely related to the hypothalamus. 

Unfortunately, as is true of most limbic structures, 
we know very little about the overall function of the 
hippocampus and, therefore, for the present can only 
describe some overt effects that occur when this area 
is stimulated or destroyed. 

Stimulation of different regions of the hippocam¬ 
pus can cause involuntary tonic or clonic movements 
in different parts of the body. At times it causes rage 
or other emotional reactions. And stimulation some¬ 
times causes different types of sexual phenomena. 
One of the most remarkable effects of stimulation in 
conscious man is immediate loss of contact with any 
person with whom he might be talking; indicating 
that the hippocampus can play a role in determining a 
person’s attention. 

A special feature of the hippocampus is that weak 
electrical stimuli can cause local epileptic seizures in 
this region. These seizures cause various psycho¬ 
motor effects including olfactory, visual, auditory, 
tactile, and other types of hallucinations that are un¬ 
controllable even though the person has not lost con¬ 
sciousness and even though he knows the hallucina¬ 
tions to be unreal. One of the reasons for this 
hyperexcitability of the hippocampus is probably that 
it is composed of a different type of cortex from that 
elsewhere in the cerebrum, having only three layers 
instead of the six layers found elsewhere. 

Theoretical Function of the Hippocampus. Al¬ 
most any type of sensory experience causes instan¬ 
taneous activation of different parts of the hip¬ 
pocampus, and the hippocampus in turn distributes 
many outgoing signals to the hypothalamus and other 
parts of the limbic system through the/o/vi/x. Thus, 
one of the major sources of input signals to the 
hypothalamus and other limbic structures is the hip¬ 
pocampus. On the basis of this, it is often stated that 
the primary role of the hippocampus is to provide a 
channel through which different incoming sensory 
signals can excite appropriate limbic reactions. 

Function of the Hippocampus in Learning. Earlier 
in the chapter (and also in the previous chapter) it 
was pointed out that reward and punishment centers 
play a major role in determining which information 
will be stored in memory. A person becomes rapidly 
habituated to indifferent stimuli but learns assidu¬ 
ously any sensory experience that causes either pain 
or pleasure. Yet what is the route by which reward 
and punishment centers receive their original infor¬ 
mation? It has been suggested that the hippocampus 
plays the role of associating the affective characteris¬ 
tics of different sensory signals and then in turn 
transmitting the correlated information into the re¬ 
ward or punishment areas of the hypothalamus and 
other limbic centers to help control the information 
that a person will learn. In fact, when the hippocam¬ 
pus has been removed bilaterally, a person develops 
anterograde amnesia, which means that it is difficult 
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or almost impossible for him to store new memories. 
This is especially true for verbal information, 
perhaps because the temporal lobes are particularly 
concerned with this type of information. 

FUNCTION OF THE 
HIPPOCAMPAL, CINGULATE, AND 
ORBITOFRONTAL CORTEX 

Pi'obably the most poorly understood portion of 
the entire limbic system is the ring of cerebral cortex, 
called the limbic cortex, that surrounds the subcorti¬ 
cal limbic structures. The limbic cortex is among the 
oldest of all parts of the cerebral cortex. In lower 
animals it plays a major role in various olfactory, 
gustatory, and feeding phenomena. However, in the 
human being, these functions of the limbic cortex are 
of minor importance. Instead, the limbic cortex of 
the human being is believed to be the cerebral associ¬ 
ation cortex for control of the lower centers that have 
to do primarily with behavior. For instance, the hip¬ 
pocampal gyrus has close interconnections with the 
hippocampus and thence through the fornix with al¬ 
most all areas of the limbic system, especially with 
the hypothalamus. The cingulate gyrus likewise con¬ 
nects directly with the hippocampus and also with all 
other limbic areas. Finally, the orbitofrontal cortex 
interconnects profusely with the septal area, hypo¬ 
thalamus, preoptic area, and other associated re¬ 
gions. 

Effect of Stimulation. Stimulation of the differ¬ 
ent regions of the limbic cortex has failed to give any 
real idea of their functions, because the effects are 
just as diverse as those already recounted for stimu¬ 
lation of the hypothalamus, amygdala, or hippocam¬ 
pus, including such effects as (a) inhibition or accel¬ 
eration of respiration, (b) facilitation or inhibition of 
spontaneous or cortical induced movements, (c) 
facilitation of clonic or tonic movements of the body, 
(d) vocalization, (e) chewing, (f) licking, (g) swallow¬ 
ing, (h) cardiovascular effects, such as increases or 
decreases in arterial pressure and increases or de¬ 
creases in heart rate, (i) gastric effects, such as in¬ 
creases or decreases in gastrointestinal motility, (j) 
increases or decreases in gastrointestinal secretions, 
and (k) affective reactions including rage, docility, 
excitement, alertness, etc. 

Effect of Ablation of Different Portions of the 
Limbic Cortex. Ablation experiments also have 
failed to give much idea of limbic cortical function, 
because the effects observed by different exper¬ 
imenters have often been quite different from each 
other. Also, the effects of ablation have sometimes 
been so inconsequential that no changes have been 
observed in the animal’s behavior. However, the fol¬ 
lowing general effects have been observed following 
ablation of certain specific areas. 

Ablation of the Anterior Portion of the Cingulate 
Gyri. Bilateral removal of the anterior portion of 
cingulate gyri causes increased tameness of an ani¬ 
mal to the extent that he no longer has fear of a man 


even though this fear might have existed preopera- 
tively. Furthermore, previous rage reactions are 
suppressed, and the animal seems to lack “social 
consciousness.” 

Ablation of the Posterior Orbital Cortex. Bilateral 
removal of the posterior portion of the fronto-orbital 
cortex often causes an animal to develop insomnia 
and an intense degree of motor restlessness, becom¬ 
ing unable to sit still, but instead moving continually. 

Ablation of the Anterior Temporal Region-The 
Kliiver-Bucy Syndrome. When the anterior temporal 
cortex is removed, many important subcortical struc¬ 
tures are also frequently damaged or removed, in¬ 
cluding especially the amygdala. Therefore, it is 
doubtful that what has been learned from anterior 
temporal ablation is of particular value in determin¬ 
ing the function of the temporal limbic cortex. How¬ 
ever, removal of the entire anterior tip of the tem¬ 
poral lobe in the dominant hemisphere of a monkey, 
and sometimes in man, causes intense changes in be¬ 
havior, including (1) excessive tendency to examine 
objects, (2) loss of fear, (3) decreased aggressiveness, 
(4) tameness, (5) changes in dietary habits such that a 
herbivorous animal sometimes even becomes car¬ 
nivorous, and (6) sometimes psychic blindness. This 
combination of effects is called the Kliiver-Bucy 
syndrome. 

In cats, opposite effects are sometimes observed, 
such as extreme savagery and rage. Yet, in other 
cats, removal of the anterior temporal poles causes 
extreme docility. Since different experimenters re¬ 
move or damage different amounts of tissue in their 
experiments, these results show primarily that the 
anterior temporal poles, including the sublying 
amygdala, can have diverse effects on behavior, de¬ 
pending on the precise areas destroyed. This is to be 
expected because of the great diversity of effects that 
can be caused by stimulation of different areas of the 
amygdala and other closely associated regions. 

Overall Function of the Hippocampal Gyrus, 
Cingulate Gyrus, and Orbitofrontal Cortex. After 
the above discussion, we find ourselves immediately 
perplexed regarding the function of the cortical re¬ 
gions of the limbic system. The reason for this prob¬ 
ably is that these regions are actually association 
areas that correlate information from many sources 
but cause no direct, overt effects that can be ob¬ 
served objectively. Thus, in the insular and anterior 
temporal cortex we find gustatory and olfactory as¬ 
sociations in particular. In the hippocampal gyrus, 
there is a tendency for complex auditory associa¬ 
tions. In the cingulate cortex, there is some reason to 
believe that sensorimotor associations occur. And, 
finally, the orbitofrontal cortex presumably aids in 
the analytical functions of the prefrontal lobes. 

Therefore, until further information is available, it 
is perhaps best to state that the cortical regions of the 
limbic system occupy intermediate associative posi¬ 
tions between the functions of the remainder of the 
cerebral cortex and the functions of the lower centers 
for control of behavioral patterns. 
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The Autonomic Nervous System; 
The Adrenal Medulla 


The portion of the nervous system that con¬ 
trols the visceral functions of the body is called 
the autonomic nervous system. This system 
helps to control arterial pressure, gastrointesti¬ 
nal motility and secretion, urinary output, 
sweating, body temperature, and many other 
activities, some of which are controlled almost 
entirely by the autonomic nervous system and 
some only partially. 


GENERAL ORGANIZATION 
OF THE AUTONOMIC 
NERVOUS SYSTEM 

The autonomic nervous system is activated 
mainly by centers located in the spinal cord, 
brain stem, and hypothalamus . Also, portions 
of the cerebral cortex can transmit impulses to 
the lower centers and in this way influence au¬ 
tonomic control. Often the autonomic nervous 
system operates by means of visceral reflexes. 
That is, sensory signals from parts of the body 
send impulses into the centers of the cord, brain 
stem, or hypothalamus, and these in turn 
transmit appropriate reflex responses back to 
the visceral organs to control their activities. 

The autonomic impulses are transmitted to 
the body through two major subdivisions called 
the sympathetic and parasympathetic systems, 
the characteristics and functions of which fol¬ 
low. 

PHYSIOLOGIC ANATOMY OF THE 
SYMPATHETIC NERVOUS SYSTEM 

Figure 15-1 illustrates the general organization of 
the sympathetic nervous system, showing one of the 


two sympathetic chains to the side of the spinal col¬ 
umn and nerves extending to the different internal 
organs. The sympathetic nerves originate in the spi¬ 
nal cord between the segments T-1 and L-2. They 
begin in the sympathetic motoneurons of the inter- 
mediolateral horns of the spinal gray matter. 

Preganglionic and Postganglionic Sympathetic 
Neurons. The sympathetic nerves are different 
from skeletal motor nerves in the following way: 
Each motor pathway to a skeletal muscle is com¬ 
prised of a single fiber originating in the cord. Each 
sympathetic pathway is comprised of preganglionic 
neuron and a postganglionic neuron. The cell body 
of the preganglionic neuron lies in the intermediolat- 
eral horn of the spinal cord, and its fiber passes, as 
illustrated in Figure 15-2, through an anterior root of 
the cord into a spinal nerve. From here, the pre¬ 
ganglionic fiber leaves the spinal nerve immediately 
and passes through the white ramus to a ganglion of 
the sympathetic chain. Here the fiber either synapses 
immediately with postganglionic neurons or often 
passes on through the chain into one of its radiating 
nerves to synapse with postganglionic neurons in an 
outlying sympathetic ganglion. The fiber of each 
postganglionic neuron than travels to its destination 
in one of the organs. 

Sympathetic Nerve Fibers in the Skeletal 
Nerves. Many of the fibers from the postganglionic 
neurons in the sympathetic chain pass back into the 
spinal nerves through gray rami (see Fig. 15-2) at all 
levels of the cord. These pathways are made up of 
type C fibers that extend to all parts of the body in the 
skeletal nerves. They control the blood vessels, 
sweat glands, and pilo-erector muscles of the hairs. 
Approximately 8 per cent of the fibers in the average 
skeletal nerve are sympathetic fibers, a fact that indi¬ 
cates their importance. 

Segmental Distribution of Sympathetic Nerves. 

The sympathetic pathways originating in the different 
segments of the spinal cord are not necessarily dis¬ 
tributed to the same part of the body as the spinal 
nerve fibers from the same segments. Instead, the 
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Figure 15-1. The sympathetic nervous system. Dashed 
lines represent postganglionic fibers in the gray rami 
leading into the spinal nerves for distribution to blood 
vessels, sweat glands, and piio-erector muscles. 


sympathetic fibers from T-1 generally pass up the 
sympathetic chain into the head; from T-2 into the 
neck; T-3, T-4, T-5, and T-6 into the thorax; T-7, 
T-8, T-9, T-10, and T-11 into the abdomen; T-12, 
L-1, and L-2 into the legs. This distribution is only 
approximate and overlaps greatly. 

The distribution of sympathetic nerves to each 
organ is determined partly by the position in the em¬ 
bryo at which the organ originates. For instance, the 
heart receives many sympathetic nerves from the 
neck portion of the sympathetic chain because the 
heart originates in the neck of the embryo. Likewise, 
the abdominal organs receive their sympathetic in¬ 
nervation from the lower thoracic segments because 
the primitive gut originates in the lower thoracic 
area. 

Special Nature of the Sympathetic Nerve End¬ 
ings in the Adrenal Medullae. Preganglionic sym¬ 
pathetic nerve fibers pass, without synapsing, all the 
way from the intermediolateral horn cells of the spi¬ 
nal cord, through the sympathetic chains, through 
the splanchnic nerves, and finally into the adrenal 
medullae. There they end directly on special cells 


that secrete epinephrine and norepinephrine. These 
secretory cells are embryologically derived from 
nervous tissue and are analogous to postganglionic 
neurons; indeed, they even have rudimentary nerve 
fibers. 

PHYSIOLOGIC ANATOMY OF THE 
PARASYMPATHETIC NERVOUS SYSTEM 

The parasympathetic nervous system is illustrated 
in Figure 15-3, showing that parasympathetic fibers 
leave the central nervous system through several of 
the cranial nerves, the second and third sacral spinal 
nerves, and occasionally the first and fourth sacral 
nerves. About 75 per cent of all parasympathetic 
nerve fibers are in the vagus nerves, passing to the 
entire thoracic and abdominal regions of the body. 
However, the vagus nerve is not entirely parasym¬ 
pathetic in function because it also carries some vol¬ 
untary skeletal nerve fibers from the nucleus am¬ 
biguous to the laryngeal and pharyngeal muscles and 
some afferent nerve fibers from the baroreceptors of 
the arteries and from stretch receptors of the lungs to 
the medulla. Nevertheless, when a physiologist 
speaks of the parasympathetic nervous system, in the 
back of his mind he thinks mainly of the two vagus 
nerves. The vagus nerves supply parasympathetic 
nerves to the heart, the lungs, the esophagus, the 
stomach, the small intestine, the proximal half of the 
colon, the liver, the gallbladder, the pancreas, and 
the upper portions of the ureters. 

Parasympathetic fibers in the third nerve flow to 
the pupillary sphincters and ciliary muscles of the 
eye. Fibers from the seventh nerve pass to the lacri¬ 
mal, nasal, and submaxillary glands, and fibers from 
the ninth nerve pass to the parotid gland. 



Figure 15-2. Nerve connections between the spinal 
cord, sympathetic chain, spinal nerves, and peripheral 
sympathetic nerves. 
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Figure 15-3. 
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The sacral parasympathetic fibers congregate in 
the form of the nervi erigentes, which leave the sacral 
plexus on each side of the cord and distribute their 
peripheral fibers to the descending colon, rectum, 
bladder and lower portions of the ureters. Also, this 
sacral group of parasympathetics supplies fibers to 
the external genitalia to cause various sexual reac¬ 
tions. 

Preganglionic and Postganglionic Parasym¬ 
pathetic Neurons. The parasympathetic system, 
like the sympathetic, has both preganglionic and 
postganglionic neurons, but, except in the case of a 
few cranial parasympathetic nerves, the pre¬ 
ganglionic fibers pass uninterrupted to the organ that 
is to be excited by parasympathetic impulses. In the 
wall of the organ are located the postganglionic 
neurons of the parasympathetic system. The pre¬ 
ganglionic fibers synapse with these; and then short 
postganglionic fibers, 1 millimeter to several cen¬ 
timeters in length, leave the neurons to spread in the 
substance of the organ. This location of the parasym¬ 
pathetic postganglionic neurons in the visceral organ 
itself is quite different from the arrangement of the 
sympathetic ganglia, for the cell bodies of the sym¬ 
pathetic postganglionic neurons are always located in 
ganglia of the sympathetic chain or in various other 
discrete ganglia in the abdomen or thorax rather than 
in the excited organ itself. 


BASIC CHARACTERISTICS OF 
SYMPATHETIC AND 
PARASYMPATHETIC FUNCTION 

CHOLINERGIC AND ADRENERGIC 
FIBERS—SECRETION OF 
ACETYLCHOLINE OR 
NOREPINEPHRINE BY 
THE POSTGANGLIONIC NEURONS 

It will be recalled from Chapter 3 that 
skeletal nerve endings secrete acetylcholine. 
This is also true of the preganglionic neurons of 
both the sympathetic and parasympathetic sys¬ 
tem, and it is true, too, of the parasympathetic 
postganglionic neurons. Therefore, all these 
fibers are said to be cholinergic because they 
secrete acetylcholine at their nerve endings. 

A few of the postganglionic endings of the 
sympathetic nervous system also secrete ace¬ 
tylcholine, and these fibers, too, are choliner¬ 
gic; but by far the majority of the sympathetic 
postganglionic endings secrete norepinephrine. 
These fibers are said to be adrenergic, a term 
derived from noradrenalin, which is the English 
name for norepinephrine. Thus, there is a basic 
functional difference between the respective 
postganglionic neurons of the parasympathetic 
and sympathetic systems, one secreting acetyl¬ 
choline and the other principally norepineph¬ 
rine. The chemical structures of these sub¬ 
stances are the following: 


CHs—C—O—CH 2 —CH. 


O 


HO 


-h 

UCH3 

-N 

I^CHs 

CH3 


Acetylcholine 


HO—CH—CH 2 —NH 2 

OH 

Norepinephrine 


The acetylcholine and norepinephrine se¬ 
creted by the postganglionic neurons act on the 
different organs to cause the respective 
parasympathetic or sympathetic effects. There¬ 
fore, these substances are called para¬ 
sympathetic and sympathetic mediators, re¬ 
spectively, or sometimes cholinergic and ad¬ 
renergic mediators. 
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Mechanism of Secretion of Acetylcholine and 
Norepinephrine hy Autonomic Nerve Endings. 

Secretion of the transmitter substances acetylcholine 
and norepinephrine by autonomic nerve endings oc¬ 
curs in the same way as secretion at other synapses, 
as described previously for the central nervous sys¬ 
tem in Chapter 4 and for the neuromuscular junction 
in Chapter 3. Briefly, the nerve endings of both the 
sympathetic and parasympathetic systems contain 
large numbers of small transmitter vesicles about 300 
to 600 Angstroms in diameter. The vesicles in the 
cholinergic nerve endings contain acetylcholine and 
in electronmicrographs have a clear appearance. The 
vesicles in the adrenergic nerve endings contain 
norepinephrine and are granular in appearance. 

Some of the autonomic nerve endings are similar to 
but much smaller in size than those of the skeletal 
muscle neuromuscular junction; this is especially 
true of the endings on some types of smooth muscle 
cells, as was explained in Chapter 3. However, most 
of the terminal filaments merely touch the effector 
cells of the organs that they innervate as they pass 
by; in some instances they terminate in connective 
tissue located adjacent to the cells that are to be 
stimulated. Where these filaments pass over the ef¬ 
fector cells, they usually have bulbous enlargements 
called varicosities, and it is in these varicosities that 
the transmitter vesicles of acetylcholine and 
norepinephrine are found. Also in the varicosities are 
large numbers of mitochondria to supply the ATP 
required to energize acetylcholine and norepineph¬ 
rine synthesis. 

When an action potential spreads over the terminal 
fibers, the depolarization process increases the per¬ 
meability of the fiber membrane to calcium ions, thus 
allowing these to diffuse in moderate numbers into 
the nerve terminals. There they interact with the ves¬ 
icles adjacent to the membrane, causing them in 
some way not yet understood to fuse with the nerve 
membrane and to empty their contents to the ex¬ 
terior. Thus, the transmitter substance is secreted. 

Synthesis of Acetylcholine, its Destruction After 
Secretion, and Duration of Action. Acetylcholine 
is continually synthesized in the terminal endings of 
cholinergic nerve fibers. Most of this synthesis prob¬ 
ably occurs in the axoplasm and the acetylcholine is 
then transported to the interior of the vesicles, 
though it is possible that some of it is also synthe¬ 
sized in the vesicles themselves. The basic chemical 
reaction of this synthesis is the following: 

choline 

acetylase 

Acetyl-CoA -I- Choline->Acetylcholine 

Once the acetylcholine has been secreted by the 
cholinergic nerve ending, most of it is split into ace¬ 
tate ion and choline by the enzyme cholinesterase 
that is present both in the terminal nerve ending itself 
and on the surface of the receptor organ. Thus, this is 
the same mechanism of acetylcholine destruction as 


occurs at the neuromuscular junctions of skeletal 
nerve fibers. The choline that is formed is in turn 
transported back into the terminal nerve ending 
where it is used again for synthesis of new acetyl¬ 
choline. Though most of the acetylcholine is usually 
destroyed within a fraction of a second after its secre¬ 
tion, it sometimes persists for as long as several sec¬ 
onds, and a small amount also diffuses into the sur¬ 
rounding fluids. These fluids contain a different type 
of cholinesterase called serum cholinesterase that 
destroys the remaining acetylcholine within another 
few seconds. Therefore, the action of acetylcholine 
released by cholinergic nerve fibers usually lasts for a 
few seconds at most and more often for only a frac¬ 
tion of a second. 

Synthesis of Norepinephrine, Its Removal, and 
Duration of Action. Synthesis of norepinephrine 
begins in the axoplasm of the terminal nerve endings 
of adrenergic nerve fibers but is completed inside the 
vesicles. The basic steps are the following: 


1. Tyrosine 


hydroxylation 


»DOPA 


decarboxylation 

2. DOPA -^Dopamine 

3. Transport of dopamine into the vesicles 

hydroxylation 

4. Dopamine -^Norepinephrine 


In the adrenal medulla this reaction goes still one 
step further to form epinephrine as follows: 


methylation 

5. Norepinephrine -^Epinephrine 


Following secretion of norepinephrine by the ter¬ 
minal nerve endings, it is removed from the secretory 
site in three different ways: (1) re-uptake into the 
adrenergic nerve endings themselves by an active 
transport process—accounting for removal of 50 to 
80 per cent of the secreted norepinephrine; (2) diffu¬ 
sion away from the nerve endings into the surround¬ 
ing body fluids and thence into the blood— 
accounting for removal of most of the remainder of 
the norepinephrine; and (3) destruction by enzymes 
to a slight extent (one of these enzymes is monamine 
oxidase, which is found in the nerve endings them¬ 
selves, and another is catechol-O-methyl trans¬ 
ferase, which is present diffusely in all tissues). 

Ordinarily, the norepinephrine secreted directly in 
a tissue by adrenergic nerve endings remains active 
for only a few seconds, illustrating that its re-uptake 
and diffusion away from the tissue is rapid. How¬ 
ever, the norepinephrine and epinephrine secreted 
into the blood by the adrenal medullae remain active 
until they diffuse into some tissue where they are 
destroyed by catechol-O-methyl transferase; this oc¬ 
curs mainly in the liver. Therefore, when secreted 
into the blood, both norepinephrine and epinephrine 
remain very active for 10 to 30 seconds, followed by 
decreasing activity thereafter for one to several min¬ 
utes. 







218 


THE NERVOUS SYSTEM 


RECEPTOR SUBSTANCES OF THE 
EFFECTOR ORGANS 

The acetylcholine, norepinephrine, and epi¬ 
nephrine secreted by the autonomic nervous 
system all stimulate the effector organs by first 
reacting with receptor substances in the effector 
cells. The receptor is believed in most instances 
to be in the cell membrane and is probably a 
protein or a lipoprotein. The most likely 
mechanism for function of the receptor is that 
the transmitter substance first binds with the 
receptor and this causes a basic change in the 
molecular structure of the receptor compound. 
Because the receptor is an integral part of the 
cell membrane, this structural change often al¬ 
ters the permeability of the cell membrane to 
various ions—^for instance, to allow rapid influx 
of sodium, chloride, or calcium ions into the cell 
or to allow rapid efflux of potassium ions out of 
the cell. These ionic changes then usually alter 
the membrane potential, sometimes eliciting ac¬ 
tion potentials (as occurs in smooth muscle 
cells) and at other times causing electrotonic 
effects on the cells (as occurs on glandular cells) 
to produce the responses. The ions themselves 
have direct effects on the receptor cells, such as 
the effect of calcium ions to promote smooth 
muscle contraction. 

Another way that the receptor can function, 
besides changing the membrane permeability, is 
to activate an enzyme in the cell membrane— 
this enzyme in turn promoting chemical reac¬ 
tions within the cell. For instance, epinephrine 
increases the activity of adenyl cyclase in some 
cell membranes, and this effect causes the for¬ 
mation of cyclic AMP inside the cell; the cyclic 
AMP then initiates many intracellular activities. 

The Acetylcholine Receptors—“Mus¬ 
carinic” and “Nicotinic” Receptors. Acetyl¬ 
choline activates at least two different types of 
receptors. These are called muscarinic and 
nicotinic receptors. The reason for these names 
is that muscarine, a poison from toadstools, 
also activates the muscarinic receptors but will 
not activate the nicotinic receptors, whereas 
nicotine will activate the other receptors; 
finally, acetylcholine activates both of them. 

The muscarinic receptors are found in all the 
effector cells stimulated by the postganglionic 
neurons of the parasympathetic nervous system 
as well as those stimulated by the cholinergic 
nerve endings of the sympathetic system. 

The nicotinic receptors are found in the 
membranes of sympathetic and parasympa¬ 
thetic postganglionic neurons and in the mem¬ 
branes of skeletal muscle fibers at the 


neuromuscular junction (discussed in Chapter 

3). 

An understanding of the two different types 
of receptors is especially important because 
specific drugs are frequently used in the prac¬ 
tice of medicine to stimulate or to block one or 
the other of the two types of receptors. 

The Adrenergic Receptors—“Alpha” and 
“Beta” Receptors. Research experiments 
using different drugs (called sympathomimetic 
drugs) to mimic the action of norepinephrine on 
sympathetic effector organs have shown that 
there are at least two—and perhaps more— 
different types of adrenergic receptors. At pres¬ 
ent these are generally classified as alpha recep¬ 
tors and beta receptors. Norepinephrine and 
epinephrine, both of which are secreted by the 
adrenal medulla, have somewhat different 
effects in exciting these two receptors. Nor¬ 
epinephrine excites mainly alpha receptors but 
excites the beta receptors to a slight extent as 
well. On the other hand, epinephrine excites 
both types of receptors approximately equally. 
Therefore, the relative effects of norepineph¬ 
rine and epinephrine on different effector or¬ 
gans is determined by the types of receptors in 
the organs. Obviously, if they are all beta recep¬ 
tors, epinephrine will be the more effective ex¬ 
citant. 

Table 15-1 gives the distribution of alpha and 
beta receptors in some of the organs and sys¬ 
tems controlled by the sympathetics. Note that 
certain alpha functions are excitatory while 
others are inhibitory. Likewise, certain beta 
functions are excitatory and others are inhibi¬ 
tory. Therefore, alpha and beta receptors are 
not necessarily associated with excitation or 
inhibition but simply with the affinity of the 
hormone for the receptors in a given effector 
organ. 

A synthetic hormone closely similar to epi- 


Table 15-1. Relationships of Adrenergic 
Receptors to Function 


Alpha Receptor 

Beta Receptor 

V asoconstriction 

Vasodilatation 

Iris dilatation 

Cardioacceleration 

Intestinal relaxation 

Increased myocardial strength 

Pilomotor contraction 

Myometrial relaxation 

Intestinal relaxation 


Uterus relaxation 
Bronchodilatation 

Calorigenesis 

Muscle glycogenolysis 

Lipolysis 
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nephrine and norepinephrine, isopropyl 
norepinephrine , has an extremely strong action 
on beta receptors but almost no action on alpha 
receptors. Later in the chapter we will discuss 
various drugs that can mimic the adrenergic ac¬ 
tions of epinephrine and norepinephrine or that 
will block specifically the alpha or beta recep¬ 
tors. 

EXCITATORY AND INHIBITORY 
ACTIONS OF SYMPATHETIC AND 
PARASYMPATHETIC STIMULATION 

Table 15-2 gives the effect on different vis¬ 
ceral functions of the body caused by stimulat¬ 
ing the parasympathetic and sympathetic 
nerves. From this table it can be seen that sym¬ 
pathetic stimulation causes excitatory effects in 


some organs but inhibitoiy effects in others. 
Likewise, parasympathetic stimulation causes 
excitation in some organs but inhibition in 
others. Also, when sympathetic stimulation ex¬ 
cites a particular organ, parasympathetic stimu¬ 
lation often inhibits it, illustrating that the two 
systems occasionally act reciprocally to each 
other. However, most organs are dominantly 
controlled by one or the other of the two sys¬ 
tems, so that, except in a few instances, the two 
systems do not actively oppose each other. 

There is no generalization one can use to ex¬ 
plain whether sympathetic or parasympathetic 
stimulation will cause excitation or inhibition of 
a particular organ. Therefore, to understand 
sympathetic and parasympathetic function, one 
must learn the functions of these two nervous 
systems as listed in Table 15-2. Some of these 


TABLE 15-2. Autonomic Effects on Various Organs of the Body 


Organ 

Effect of Sympathetic Stimulation 

Effect of Parasympathetic Stimulation 

Eye: Pupil 

Dilated 

Contracted 

Ciliary muscle 

None 

Excited 

Glands: Nasal 

Lacrimal 

Vasoconstriction 

Stimulation of thin, copious 

secretion containing many enzymes 

Parotid 

Submaxillary 

Gastric 

Pancreatic 

Sweat glands 

Gopious sweating (cholinergic) 

None 

Apocrine glands 

Thick, odoriferous secretion 

None 

Heart: Muscle 

Increased rate 

Increased force of contraction 

Slowed rate 

Decreased force of atrial contraction 

Coronaries 

Vasodilated 

Constricted 

Lungs: Bronchi 

Dilated 

Constricted 

Blood vessels 

Mildly constricted 

None 

Gut: Lumen 

Decreased peristalsis and tone 

Increased peristalsis and tone 

Sphincter 

Increased tone 

Decreased tone 

Liver 

Glucose released 

None 

Gallbladder and bile ducts 

Inhibited 

Excited 

Kidney 

Decreased output 

None 

Ureter 

Inhibited 

Excited 

Bladder: Detrusor 

Inhibited 

Excited 

Trigone 

Excited 

Inhibited 

Penis 

Ejaculation 

Erection 

Systemic blood vessels: 

Abdominal 

Gonstricted 

None 

Muscle 

Gonstricted (adrenergic) 

Dilated (cholinergic) 

None 

Skin 

Gonstricted (adrenergic) 

Dilated (cholinergic) 

Dilated 

Blood: Coagulation 

Increased 

None 

Glucose 

Increased 

None 

Basal metabolism 

Increased up to 100% 

None 

Adrenal cortical secretion 

Increased 

None 

Mental activity 

Increased 

None 

Piloerector muscles 

Excited 

None 

Skeletal muscle 

Increased glycogenolysis 

Increased strength 

None 
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functions need to be clarified in still greater de¬ 
tail as follows: 

EFFECTS OF SYMPATHETIC AND 
PARASYMPATHETIC STIMULATION 
ON SPECIFIC ORGANS 

The Eye. Two functions of the eye are controlled 
by the autonomic nervous system: These are the 
pupillary opening and the focus of the lens. Sym¬ 
pathetic stimulation contracts the meridional fibers 
of the iris and, therefore, dilates the pupil, whereas 
parasympathetic stimulation contracts the circular 
muscle of the iris to constrict the pupil. The par- 
asympathetics that control the pupil are reflexly 
stimulated when excess light enters the eyes; this 
reflex reduces the pupillary opening and decreases 
the amount of light that strikes the retina. On the 
other hand, the sympathetics become stimulated dur¬ 
ing periods of excitement and, therefore, increase the 
pupillary opening at these times. 

Focusing of the lens is controlled entirely by the 
parasympathetic nervous system. The lens is nor¬ 
mally held in a flattened state by tension of its radial 
ligaments. Parasympathetic excitation contracts the 
ciliary muscle, which releases this tension and allows 
the lens to become more convex. This causes the eye 
to focus on objects near at hand. The focusing 
mechanism is discussed in Chapters 16 and 18 in rela¬ 
tion to function of the eyes. 

The Glands of the Body. The nasal, lacrimal, 
salivary, and many gastrointestinal glands are all 
strongly stimulated by the parasympathetic nervous 
system, resulting in copious quantities of secretion. 
The glands of the alimentary tract most strongly 
stimulated by the parasympathetics are those of the 
upper tract, especially those of the mouth and stom¬ 
ach. The glands of the small and large intestines are 
controlled principally by local factors in the intestinal 
tract itself and not by the autonomic nerves. 

Sympathetic stimulation has a slight direct effect 
on glandular cells in causing formation of a concen¬ 
trated secretion. However, it also causes vas¬ 
oconstriction of the blood vessels supplying the 
glands and in this way often reduces their rates of 
secretion. 

The sweat glands secrete large quantities of sweat 
when the sympathetic nerves are stimulated, but no 
effect is caused by stimulating the parasympathetic 
nerves. However, the sympathetic fibers to most 
sweat glands are cholinergic, in contrast to most 
other sympathetic fibers, which are adrenergic. 
Furthermore, the sweat glands are stimulated prima¬ 
rily by centers in the hypothalamus that are usually 
considered to be parasympathetic centers. There¬ 
fore, sweating could be called a parasympathetic 
function. 

The apocrine glands secrete a thick, odoriferous 
secretion as a result of sympathetic stimulation, but 
they do not react to parasympathetic stimulation. 
Furthermore, the apocrine glands, despite their close 
embryological relationship to sweat glands, are con¬ 


trolled by adrenergic fibers rather than by cholinergic 
fibers and are controlled by the sympathetic centers 
of the central nervous system rather than by the 
parasympathetic centers. 

The Gastrointestinal System. The gastrointesti¬ 
nal system has its own intrinsic set of nerves known 
as the intramural plexus. However, both parasym¬ 
pathetic and sympathetic stimulation can affect gas¬ 
trointestinal activity—parasympathetic especially. 
Parasympathetic stimulation, in general, increases 
the overall degree of activity of the gastrointestinal 
tract by promoting peristalsis, thus allowing rapid 
propulsion of contents along the tract. This propul¬ 
sive effect is associated with simultaneous increases 
in rates of secretion by many of the gastrointestinal 
glands, which was described above. 

Normal function of the gastrointestinal tract is not 
very dependent on sympathetic stimulation. How¬ 
ever, in some diseases, strong sympathetic stimula¬ 
tion inhibits peristalsis and increases the tone of the 
sphincters. The net result is greatly slowed propul¬ 
sion of food through the tract. 

The Heart. In general, sympathetic stimulation 
increases the overall activity of the heart. This is 
accomplished by increasing both the rate and force of 
the heartbeat. Parasympathetic stimulation causes 
mainly the opposite effects, decreasing the overall 
activity of the heart. To express these effects in 
another way, sympathetic stimulation increases the 
effectiveness of the heart as a pump, whereas par¬ 
asympathetic stimulation decreases its effectiveness. 
However, sympathetic stimulation unfortunately 
also greatly increases the metabolism of the heart 
while parasympathetic stimulation decreases its 
metabolism and allows the heart a certain degree of 
rest. 

Systemic Blood Vessels. Most blood vessels, 
especially those of the abdominal viscera and the 
skin of the limbs, are constricted by sympathetic 
stimulation. Parasympathetic stimulation generally 
has almost no effects on blood vessels but does dilate 
vessels in certain restricted areas such as in the blush 
area of the face. 

Effect of Sympathetic and Parasympathetic 
Stimulation on Arterial Pressure. The arterial 
pressure in the circulatory system is caused by pro¬ 
pulsion of blood by the heart and by resistance to 
flow of this blood through the vascular system. In 
general, sympathetic stimulation increases both 
propulsion by the heart and resistance to flow, which 
can cause the pressure to increase greatly. 

On the other hand, parasympathetic stimulation 
decreases the pumping effectiveness of the heart, 
which lowers the pressure a moderate amount, 
though not nearly so much as the sympathetics can 
increase the pressure. 

The Lungs. In general, the structures in the lungs 
do not have extensive sympathetic or parasympathet¬ 
ic innervation. Therefore, all effects of stimulation 
are mild. Sympathetic stimulation can mildly dilate 
the bronchi and mildly constrict the blood vessels. 
On the contrary, parasympathetic stimulation can 
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cause mild constriction of the bronchi and can 
perhaps mildly dilate the vessels. 

Effects of Sympathetic and Parasympathetic 
Stimulation on Other Functions of the Body. Be¬ 
cause of the great importance of the sympathetic and 
parasympathetic control systems, these are dis¬ 
cussed many times in this text in relation to a myriad 
of body functions that are not considered in detail 
here. In general, most of the entodermal structures, 
such as the ducts of the liver, the gallbladder, the 
ureter, and the bladder, are inhibited by sympathetic 
stimulation but excited by parasympathetic stimula¬ 
tion. Sympathetic stimulation also has metabolic ef¬ 
fects, causing release of glucose from the liver, in¬ 
crease in blood glucose concentration, increase in 
glycogenolysis in muscle, increase in muscle 
strength, increase in basal metabolic rate, and in¬ 
crease in mental activity. Finally, the sympathetics 
and parasympathetics are involved in regulating the 
male and female sexual acts, which are essential for 
fertilization of the ovum. 

FUNCTION OF THE ADRENAL 
MEDULLAE 

Stimulation of the sympathetic nerves to the 
adrenal medullae causes large quantities of 
epinephrine and norepinephrine to be released 
into the circulating blood, and these two hor¬ 
mones in turn are carried in the blood to all 
tissues of the body. On the average, approxi¬ 
mately 80 per cent of the secretion is epineph¬ 
rine and 20 per cent norepinephrine, though the 
relative proportions of these change con¬ 
siderably under different physiological condi¬ 
tions. 

The circulating norepinephrine has almost the 
same effects on the different organs as those 
caused by direct sympathetic stimulation, ex¬ 
cept that the effects last about 10 times as long 
because norepinephrine is removed from the 
blood slowly. For instance, norepinephrine 
causes constriction of essentially all the blood 
vessels of the body; it causes increased activity 
of the heart, inhibition of the gastrointestinal 
tract, dilation of the pupil of the eye, and so 
forth. 

Epinephrine, also, causes almost the same ef¬ 
fects as those caused by norepinephrine, but the 
effects differ in the following respects: First, 
epinephrine has a greater effect on cardiac ac¬ 
tivity than norepinephrine. Second, epinephrine 
causes only weak constriction of the blood ves¬ 
sels of the muscles in comparison with a much 
stronger constriction that results from nor¬ 
epinephrine. Since the muscle vessels represent 
a major segment of all vessels of the body, this 
difference is of special importance because 


norepinephrine greatly increases the total 
peripheral resistance and thereby greatly ele¬ 
vates arterial pressure, whereas epinephrine 
raises the arterial pressure to a less extent but 
increases the cardiac output considerably be¬ 
cause of its effect on the heart and veins. 

A third difference between the action of 
epinephrine and norepinephrine relates to their 
effects on tissue metabolism. Epinephrine 
probably has several times as great a metabolic 
effect as norepinephrine. Indeed, the epineph¬ 
rine secreted by the adrenal medullae increases 
the metabolic rate of the body often to as much 
as 100 per cent above normal, in this way in¬ 
creasing the activity and excitability of the 
whole body. It also increases the rate of other 
metabolic activities, such as glycogenolysis in 
the liver and muscle and glucose release into the 
blood. 

In summary, stimulation of the adrenal 
medullae causes the release of hormones that 
have almost the same effects throughout the 
body as direct sympathetic stimulation, except 
that the effects are greatly prolonged. The only 
significant differences are caused by the 
epinephrine in the secretion, which increases 
the rate of metabolism and cardiac output to a 
greater extent than is caused by direct sym¬ 
pathetic stimulation. 

Value of the Adrenal Medullae to the Func¬ 
tion of the Sympathetic Nervous System. 

Usually, when any part of the sympathetic 
nervous system is stimulated, the entire system, 
or at least major portions of it, is stimulated at 
the same time. Therefore, norepinephrine and 
epinephrine are almost always released by the 
adrenal medullae at the same time that the dif¬ 
ferent organs are being stimulated directly by 
the sympathetic nerves. Therefore, the organs 
are actually stimulated in two different ways 
simultaneously, directly by the sympathetic 
nerves and indirectly by the medullary hor¬ 
mones. The two means of stimulation support 
each other, and either can usually substitute for 
the other. For instance, destruction of the direct 
sympathetic pathways to the organs does not 
abrogate excitation of the organs because 
norepinephrine and epinephrine are still re¬ 
leased into the circulating fluids and indirectly 
cause stimulation. Likewise, total loss of the 
two adrenal medullae usually has little sig¬ 
nificant effect on the operation of the sym¬ 
pathetic nervous system because the direct 
pathways can still perform almost all the neces¬ 
sary duties. Thus, the dual mechanism of sym¬ 
pathetic stimulation provides a safety factor. 
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one mechanism substituting for the other when 
the second is missing. 

Another important value of the adrenal 
medullae is the capability of epinephrine and 
norepinephrine to stimulate structures of the 
body that are not innervated by direct sym¬ 
pathetic fibers. For instance, the metabolic rate 
of every cell of the body is increased by these 
hormones, especially by epinephrine, even 
though only a small proportion of all the cells in 
the body are innervated by sympathetic fibers. 

RELATIONSHIP OF STIMULUS RATE 
TO DEGREE OF SYMPATHETIC 
AND PARASYMPATHETIC EFFECT 

A special difference between the autonomic 
nervous system and the skeletal nervous system 
is the low frequency of stimulation required for 
full activation of autonomic effectors. In gen¬ 
eral, only one impulse every second or so 
suffices to maintain normal sympathetic or 
parasympathetic effect, and full activation oc¬ 
curs when the nerve fibers discharge 10 to 30 
times per second. This compares with full acti¬ 
vation in the skeletal nervous system at about 
75 to 200 impulses per second. 

SYMPATHETIC AND 
PARASYMPATHETIC ^^TONE^^ 

The sympathetic and parasympathetic sys¬ 
tems are continually active, and the basal rates 
of activity are known, respectively, as sym¬ 
pathetic tone or parasympathetic tone. 

The value of tone is that it allows a single 
nervous system to increase or to decrease the 
activity of a stimulated organ. For instance, 
sympathetic tone normally keeps almost all the 
blood vessels of the body constricted to approx¬ 
imately half their maximum diameter. By in¬ 
creasing the degree of sympathetic stimulation, 
the vessels can be constricted even more; but, 
on the other hand, by inhibiting the normal 
tone, the vessels can be dilated. If it were not 
for the continual sympathetic tone, the sym¬ 
pathetic system could cause only vasoconstric¬ 
tion, never vasodilatation. 

Another interesting example of tone is that of 
the parasympathetics in the gastrointestinal 
tract. Surgical removal of the parasympathetic 
supply to the gut by cutting the vagi can cause 
serious and prolonged gastric and intestinal 
“atony,” thus illustrating that in normal func¬ 
tion the parasympathetic tone to the gut is 
strong. This tone can be decreased by the brain. 


thereby inhibiting gastrointestinal motility, or, 
on the other hand, it can be increased, thereby 
promoting increased gastrointestinal activity. 

Tone Caused by Basal Secretion of 
Norepinephrine and Epinephrine hy the Ad¬ 
renal Medullae. The normal resting rate of 
secretion by the adrenal medullae is about 0.2 
/xgm./kg./min. of epinephrine and about 0.05 
/xgm./kg./min. of norepinephrine. These quan¬ 
tities are considerable—indeed, enough to 
maintain the blood pressure almost up to the 
normal value even if all direct sympathetic 
pathways to the cardiovascular system are re¬ 
moved. Therefore, it is obvious that much of 
the overall tone of the sympathetic nervous sys¬ 
tem results from basal secretion of epinephrine 
and norepinephrine in addition to that which re¬ 
sults from direct sympathetic stimulation. 

Effect of Loss of Sympathetic or Parasym¬ 
pathetic Tone Following Denervation. Im¬ 
mediately after a sympathetic or para¬ 
sympathetic nerve is cut, the innervated organ 
loses its sympathetic or parasympathetic tone. 
In the case of the blood vessels, for instance, 
cutting the sympathetic nerves results im¬ 
mediately in almost maximal vasodilatation. 
However, over several days or weeks, the in¬ 
trinsic tone in the smooth muscle of the vessels 
increases, usually restoring almost normal vas¬ 
oconstriction. 

Essentially the same events occur in most ef¬ 
fector organs whenever sympathetic or par¬ 
asympathetic tone is lost. That is, intrinsic 
compensation soon develops to return the func¬ 
tion of the organ almost to its normal basal 
level. However, in the parasympathetic system 
the compensation sometimes requires many 
months. For instance, loss of parasympathetic 
tone to the heart increases the heart rate from 
90 to 160 beats per minute in a dog, and this will 
still be about 120 six months later. 

DENERVATION SUPERSENSITIVITY 
OF SYMPATHETIC AND 
PARASYMPATHETIC ORGANS 
FOLLOWING DENERVATION 

During the first week or so after a sympathetic or 
parasympathetic nerve is destroyed, the innervated 
organ becomes more and more sensitive to injected 
norepinephrine or acetylcholine, respectively. This 
effect is illustrated in Figure 15^; the blood flow in 
the forearm before removal of the sympathetics was 
200 ml. per minute, and a test dose of norepinephrine 
caused only a slight depression in flow. Then the stel¬ 
late ganglion was removed, and normal sympathetic 
tone was lost. At first, the blood flow rose markedly 
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Figure 15-4. Effect of sympathectomy on blood flow in 
the arm, and the effect of a test dose of norepinephrine 
before and after sympathectomy, showing sensitization of 
the vasculature to norepinephrine. 


because of the lost vascular tone, but over a period of 
days to weeks the blood flow returned almost to 
normal because of progressive increase in intrinsic 
tone of the vascular musculature itself, thus compen¬ 
sating for the loss of sympathetic tone. Another test 
dose of norepinephrine was then administered and 
the blood flow decreased much more than before, 
illustrating that the blood vessels had become about 
two to four times as responsive to norepinephrine as 
previously. This phenomenon is called denervation 
supersensitivity. It occurs in both sympathetic and 
parasympathetic organs and to a far greater extent in 
some organs than in others, often increasing the re¬ 
sponse as much as 10-fold. 

Mechansim of Denervation Supersensitiv¬ 
ity. The precise cause of denervation supersensitiv¬ 
ity is not known, although several suggestions have 
been made. In the case of the sympathetic nervous 
system, it is supposed that destruction of the nerve 
endings prevents removal of norepinephrine or 
epinephrine by the process of re-uptake into the 
nerve endings. Likewise, the monamine oxidase that 
is found in the nerve endings is not available to help 
destroy the norepinephrine or epinephrine. There¬ 
fore, these two hormones can act strongly and for 
prolonged periods of time on the receptor organs. 

In the case of acetylcholine supersensitivity, it is 
possible that loss of cholinesterase, particularly that 
which is attached to the nerve endings themselves, 
causes part of the supersensitivity. On the other 
hand, it is also possible that some functional system 
of the receptor cells themselves increases in activity 
when the cells are not continually bombarded by 
nerve stimuli. 


THE AUTONOMIC REFLEXES 

It is mainly by means of autonomic reflexes 
that the autonomic nervous system regulates 
visceral functions. Throughout this text the 


functions of these reflexes are discussed in de¬ 
tail in relation to individual organs, but, to illus¬ 
trate their importance, a few are presented here 
briefly. 

Cardiovascular Autonomic Reflexes. Sev¬ 
eral reflexes in the cardiovascular system help 
to control the arterial blood pressure, cardiac 
output, and heart rate. One of these is the 
baroreceptor reflex, which is one of the most 
important of the cardiovascular reflexes. 
Briefly, stretch receptors called baroreceptors 
are located in the walls of the major arteries, 
including the carotid arteries and the aorta. 
When these become stretched by high pressure, 
signals are transmitted to the brain stem, where 
they inhibit the sympathetic centers. This re¬ 
sults in decreased sympathetic impulses to the 
heart and blood vessels, which allows the arte¬ 
rial pressure to fall back toward normal. 

The Gastrointestinal Autonomic Reflexes. 

The uppermost part of the gastrointestinal tract 
and the rectum are controlled principally by au¬ 
tonomic reflexes. For instance, the smell of ap¬ 
petizing food initiates signals from the nose to 
the vagal, glossopharyngeal, and salivary nuclei 
of the brain stem. These in turn transmit signals 
through the parasympathetic nerves to the se¬ 
cretory glands of the mouth and stomach, caus¬ 
ing secretion of digestive juices even before 
food enters the mouth. And when fecal matter 
fills the rectum at the other end of the alimen¬ 
tary canal, sensory impulses initiated by 
stretching the rectum are sent to the sacral por¬ 
tion of the spinal cord, and a reflex signal is 
retransmitted through the parasympathetics to 
the distal parts of the colon; these result in 
strong peristaltic contractions that empty the 
bowel. 

Other Autonomic Reflexes. Emptying of 
the bladder is also controlled in the same way as 
emptying of the rectum; stretching the bladder 
sends impulses to the sacral cord, and this in 
turn causes contraction of the bladder as well as 
relaxation of the urinary sphincters, thereby 
promoting micturition. 

Also important are the sexual reflexes which 
are initiated both by psychic stimuli from the 
brain and stimuli from the sexual organs. Im¬ 
pulses from these sources converge on the sa¬ 
cral cord and, in the male, result, first, in erec¬ 
tion, mainly a parasympathetic function, and 
then in ejaculation, a sympathetic function. 

Other autonomic reflexes include reflex con¬ 
tributions to the regulation of pancreatic secre¬ 
tion, gallbladder emptying, urinary excretion. 
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sweating, blood glucose concentration, and 
many other visceral functions, all of which are 
essential to continued existence and well-being 
of the body. 


MASS DISCHARGE OF THE 
SYMPATHETIC SYSTEM VERSUS 
DISCRETE CHARACTERISTICS OF 
PARASYMPATHETIC REFLEXES 

In general, large portions of the sympathetic 
nervous system often become stimulated simul¬ 
taneously, a phenomenon called mass dis¬ 
charge. This characteristic of sympathetic ac¬ 
tion is in keeping with the usually diffuse nature 
of sympathetic function, such as overall regula¬ 
tion of arterial pressure or of metabolic rate. 

However, in a few instances sympathetic ac¬ 
tivity does occur in isolated portions of the sys¬ 
tem. The most important of these are: (1) In the 
process of heat regulation, the sympathetics 
control sweating and blood flow in the skin 
without affecting other organs innervated by the 
sympathetics. (2) During muscular activity in 
some animals, cholinergic vasodilator fibers of 
the skeletal muscles are stimulated indepen¬ 
dently of all the remainder of the sympathetic 
system. (3) Many “local reflexes” involving the 
spinal cord but not the higher nervous centers 
affect local areas. For instance, heating a local 
skin area causes local vasodilatation and en¬ 
hanced local sweating, while cooling causes the 
opposite effects. 

In contrast to the sympathetic system, most 
reflexes of the parasympathetic system are very 
specific. For instance, parasympathetic car¬ 
diovascular reflexes usually act only on the 
heart to increase or decrease its rate of beating. 
Likewise, parasympathetic reflexes frequently 
cause secretion only in the mouth or, in other 
instances, secretion only by the stomach 
glands. Finally, the rectal emptying reflex does 
not affect other parts of the bowel to a major 
extent. 

Yet there is often association between closely 
allied parasympathetic functions. For instance, 
though salivary secretion can occur indepen¬ 
dently of gastric secretion, these two often also 
occur together, and pancreatic secretion fre¬ 
quently occurs at the same time. Also, the rec¬ 
tal emptying reflex often initiates a bladder 
emptying reflex, resulting in simultaneous emp¬ 
tying of both the bladder and rectum. Con¬ 
versely, the bladder emptying reflex can help to 
initiate rectal emptying. 


‘^ALARM” OR “STRESS^’ FUNCTION OF 
THE SYMPATHETIC NERVOUS SYSTEM 

From the above discussions of the sympathet¬ 
ic nervous system, one can already see that 
mass sympathetic discharge increases in many 
ways the capability of the body to perform vig¬ 
orous muscle activity. Let us quickly sum¬ 
marize these ways: 

1. increased arterial pressure 

2. increased blood flow to active muscles 
concurrent with decreased blood flow to organs 
that are not needed for rapid activity 

3. increased rates of cellular metabolism 
throughout the body 

4. increased blood glucose concentration 

5. increased glycolysis in muscle 

6. increased muscle strength 

7. increased mental activity 

8. increased rate of blood coagulation 

The sum of these effects permits the person 
to perform far more strenuous physical activity 
than would otherwise be possible. Since it is 
physical stress that usually excites the sym¬ 
pathetic system, it is frequently said that the 
purpose of the sympathetic system is to provide 
extra activation of the body in states of stress: 
this is often called the sympathetic stress reac¬ 
tion. 

The sympathetic system is also strongly acti¬ 
vated in many emotional states. For instance, in 
the state of rage, which is elicited mainly by 
stimulating the hypothalamus, signals are 
transmitted downward through the reticular 
formation and spinal cord to cause massive 
sympathetic discharge, and all of the sym¬ 
pathetic events listed above ensue immediately. 
This is called the sympathetic alarm reaction. It 
is also frequently called the fight or flight reac¬ 
tion because an animal in this state decides al¬ 
most instantly whether to stand and fight or to 
run. In either event, the sympathetic alarm 
reaction makes its subsequent activities ex¬ 
tremely vigorous. 

MEDULLARY, PONTINE, AND 
MESENCEPHALIC CONTROL OF 
THE AUTONOMIC NERVOUS SYSTEM 

Many areas in the reticular substance of the 
medulla, pons, and mesencephalon, as well as 
many special nuclei, (see Fig. 15-5) control dif¬ 
ferent autonomic functions such as arterial 
pressure, heart rate, glandular secretion in the 
upper part of the gastrointestinal tract, gastroin¬ 
testinal peristalsis, the degree of contraction of 
the urinary bladder, and many others. The con- 



THE AUTONOMIC NERVOUS SYSTEM; THE ADRENAL MEDULLA 


225 


Heat control 


Sympathetic 


Urinary bladder control 

Pneumotaxic center^ 

Cardiac acceleration 
and vasoconstriction^ 


Cardiac slowing ^ 
Respiratory center--^^-""'’''’ 


Parasympathetic 



Water balance 

Feeding control 

•^-HYPOTHALAMUS 
ADENOHYPOPHYSIS 

% 

MAMMILLARY BODY 


PONS 
'' MEDULLA 


Figure 15-5. Autonomic control centers of the brain 
stem. 


trol of each of these is discussed in detail at 
appropriate points in this text. Suffice it to point 
out here that the most important factors con¬ 
trolled in the lower brain stem are arterial pres¬ 
sure, heart rate, and respiration. Indeed, tran¬ 
section of the brain stem at the midpontile level 
allows normal basal control of arterial pressure 
to continue as before but prevents its modula¬ 
tion by higher nervous centers, particularly the 
hypothalamus. On the other hand, transection 
immediately below the medulla causes the arte¬ 
rial pressure to fall to about one-half normal. 
Closely associated with the cardiovascular reg¬ 
ulatory centers in the medulla is the medullary 
center for regulation of respiration, a center that 
causes breathing. Though this is not considered 
to be an autonomic function, it is one of the 
involuntary functions of the body. 

Control of Lower Brain Stem Autonomic 
Centers by Higher Areas. Signals from the 
hypothalamus and even from the cerebrum can 
affect the activities of almost all the lower brain 
stem autonomic control centers. For instance, 
stimulation in appropriate areas of the 
hypothalamus can activate the medullary car¬ 
diovascular control centers strongly enough to 
increase the arterial pressure to more than dou¬ 
ble normal. Likewise, higher centers can 
transmit signals into the lower centers to con¬ 
trol body temperature, increase or decrease 
salivation and gastrointestinal activity, or to 
cause urinary bladder contraction. Therefore, 
to a great extent the autonomic centers in the 
lower brain stem are relay stations for control 
activities initiated at higher levels of the brain. 

In the previous chapter it was also pointed 
out that many of the behavioral responses of an 
animal are mediated through the hypothalamus, 
reticular formation, and the autonomic nervous 
system. Indeed, the higher areas of the brain 
can alter the function of the whole autonomic 
nervous system or of portions of it strongly 
enough to cause severe autonomic-induced dis¬ 


ease, such as peptic ulcer, constipation, heart 
palpitation, and even heart attacks. 


PHARMACOLOGY OF THE 
AUTONOMIC NERVOUS 
SYSTEM 

DRUGS THAT ACT ON ADRENERGIC 
EFFECTOR ORGANS—THE 
SYMPATHOMIMETIC DRUGS 

From the foregoing discussion, it is obvious that 
intravenous injection of norepinephrine causes es¬ 
sentially the same effects throughout the body as 
sympathetic stimulation. Therefore, norepinephrine 
is called a sympathomimetic, or adrenergic, drug. 
Other sympathomimetic drugs include epinephrine, 
phenylephrine, methoxamine, and many others. 
These differ from each other in the degree to which 
they stimulate different sympathetic effector organs 
and in their duration of action. Norepinephrine and 
epinephrine have actions as short as one to three 
minutes, while the actions of most other commonly 
used sympathomimetic drugs last 30 minutes to 2 
hours. 

Drugs that Cause Release of Norepinephrine 
from Nerve Endings. Certain drugs have a sym¬ 
pathomimetic action in an indirect manner rather 
than by directly exciting adrenergic effector organs. 
These drugs include ephedrine, tyramine, and am¬ 
phetamine. Their effect is to cause release of 
norepinephrine from its storage vesicles in the sym¬ 
pathetic nerve endings. The norepinephrine in turn 
causes the sympathetic effects. 

Drugs that Block Adrenergic Activity. Ad¬ 
renergic activity can be blocked at several different 
points in the stimulatory process as follows: 

1. The synthesis and storage of norepinephrine in 
the sympathetic nerve endings can be prevented. The 
best known drug that causes this effect is reserpine. 

2. Release of norepinephrine from the sympathetic 
endings can be blocked. This is caused by guan- 
et hi dine. 

3. alpha receptors can be blocked. Two drugs 
that cause this effect are pheno.xybenzamine and 
phentolamine. 

4. The beta receptors can be blocked. A drug that 
does this is propanolol. 

5. Sympathetic activity can be blocked by drugs 
that block transmission of nerve impulses through 
the autonomic ganglia. These are discussed in the 
following section, but the most important drug for 
blockade of both sympathetic and parasympathetic 
transmission through the ganglia is hexamethonium. 


DRUGS THAT ACT ON CHOLINERGIC 
EFFECTOR ORGANS 

Parasympathomimetic Drugs (Muscarinic 
Drugs). Acetylcholine injected intravenously usu- 
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ally does not cause exactly the same effects through¬ 
out the body as parasympathetic stimulation because 
the acetylcholine is destroyed by cholinesterase in 
the blood and body fluids before it can reach all the 
effector organs. Yet a number of other drugs that are 
not so rapidly destroyed can produce typical 
parasympathetic effects, and these are called 
parasympathomimetic drugs. 

Three commonly used parasympathomimetic 
drugs are pilocarpine, methacholine, and carbamyl- 
choline. Although these drugs have almost the same 
effects on the different effector organs as does 
parasympathetic stimulation, there are slight varia¬ 
tions. For instance, carbamylcholine is especially ac¬ 
tive on the bladder and gastrointestinal tract, while 
methacholine is especially active on the cardiovascu¬ 
lar system and eyes. 

Parasympathomimetic drugs act on the effector or¬ 
gans of cholinergic sympathetic fibers also. For in¬ 
stance, these drugs cause profuse sweating. Also, 
they cause vascular dilatation, this effect occurring 
even in vessels not innervated by cholinergic fibers. 

Drugs that Have a Parasympathetic Potentiating 
Effect. Some drugs do not have a direct effect on 
parasympathetic effector organs but do potentiate 
the effects of the naturally secreted acetylcholine at 
the parasympathetic endings. These are the same 
drugs as those listed in Chapter 3 that potentiate the 
effect of acetylcholine at the neuromuscular junc¬ 
tion—that is, neostigmine, physostigmine, and 
diisopropyl fliioropliosphate. These inhibit cholines¬ 
terase, thus preventing rapid destruction of the 
acetylcholine liberated by the parasympathetic nerve 
endings. As a consequence, the quantity of acetyl¬ 
choline acting on the effector organs progressively 
increases with successive stimuli, and the degree of 
action also increases. 

Drugs that Block Cholinergic Activity at Effector 
Organs. Atropine and similar drugs, such as 
homatropine and scopolamine, block the action of 
acetylcholine on cholinergic effector organs. How¬ 
ever, these drugs do not affect the nicotinic action of 
acetylcholine on the postganglionic neurons or on 
skeletal muscle. 

DRUGS THAT STIMULATE THE 
POSTGANGLIONIC NEURONS— 

‘NICOTINIC DRUGS^’ 

The preganglionic neurons of both the parasym¬ 
pathetic and sympathetic nervous systems secrete 
acetylcholine at their endings, and the acetylcholine 
in turn stimulates the postganglionic neurons. There¬ 
fore, injected acetylcholine can also stimulate the 
postganglionic neurons of both systems, thereby 
causing both sympathetic and parasym[3athetic ef¬ 
fects in the body. Nicotine is a drug that can also 
stimulate postganglionic neurons in the same manner 
as acetylcholine because the neuronal membranes 
contain nicotinic receptors, but it cannot directly 
stimulate the autonomic effector organs, which have 


muscarinic receptors as explained earlier in the chap¬ 
ter. Therefore, drugs that cause autonomic effects by 
stimulating the postganglionic neurons are frequently 
called nicotinic drugs. Some drugs, such as acetyl¬ 
choline itself, carbamylcholine and methacholine, 
have both nicotinic and muscarinic actions, whereas 
pilocarpine has only muscarinic actions. 

Nicotine excites both the sympathetic and 
parasympathetic systems at the same time, resulting 
in strong sympathetic vasoconstriction in the abdom¬ 
inal organs and limbs, but at the same time resulting 
in parasympathetic effects, such as increased gas¬ 
trointestinal activity and, sometimes, slowing of the 
heart. 

Ganglionic Blocking Drugs. Many important 
drugs block irnpulse transmission from the pre¬ 
ganglionic neurons to the postganglionic neurons, in¬ 
cluding tetraethyl ammonium ion, hexamethoniiim 
ion, and pentolinium. These inhibit impulse trans¬ 
mission in both the sympathetic and parasympathetic 
systems simultaneously. They are often used for 
blocking sympathetic activity but rarely for blocking 
parasympathetic activity because the sympathetic 
blockade usually far overshadows the effects of 
parasympathetic blockade. The ganglionic blocking 
drugs have been especially important in reducing 
arterial pressure in patients with hypertension. 
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PART III 

THE SPECIAL SENSES 






The Eye: 

1. Optics of Vision 


PHYSICAL PRINCIPLES 
OF OPTICS 

Before it is possible to understand the optical 
systems of the eye, the student must be thor¬ 
oughly familiar with the basic physical princi¬ 
ples of optics, including the physics of refrac¬ 
tion, and have a knowledge of focusing, depth 
of focus, and so forth. Therefore, in the present 
study of the optics of the eye, a brief review of 
these physical principles is first presented, and 
then the optics of the eye are discussed. 


REFRACTION OF LIGHT 

The Refractive Index of a Transparent Sub¬ 
stance. Light rays travel through a vacuum at a 
velocity of approximately 300,000 kilometers per 
second and practically as fast through air and other 
gaseous media but much slower through transparent 
solids and liquids. The refractive index of a transpar¬ 
ent substance is the ratio of the velocity of light in air 
to that in the substance. Obviously, the refractive 
index of air itself is 1.00. 

If light travels through a particular type of glass at 
a velocity of 200,000 kilometers per second, the re¬ 
fractive index of this glass is 300,000 divided by 
200,000, or 1.50. 

Refraction of Light Rays at an Interface Between 
Two Media with Different Refractive Indices. 

When light waves traveling forward in a beam, as 
shown in the upper part of Figure 16-1, strike an 
interface that is perpendicular to the beam, the waves 
enter the second refractive medium without deviating 
in their course. The only effect that occurs is de¬ 
creased velocity of transmission. On the other hand, 
if, as illustrated in the lower part of Figure 16-1, the 


light waves strike an angulated interface, the light 
waves bend if the refractive indices of the two media 
are different from each other. In this particular figure 
the light waves are leaving air, which has a refractive 
index of 1.00, and are entering a block of glass having 
a refractive index of 1.50. When the beam first strikes 
the angulated interface, the lower edge of the beam 
enters the glass ahead of the upper edge. The wave 
front in the upper portion of the beam continues to 
travel at a velocity of 300,000 kilometers per second 
while that which has entered the glass travels at a 
velocity of 200,000 kilometers per second. This 
causes the upper portion of the wave front to move 
ahead of the lower portion so that it is no longer 
vertical but is angulated to the right. Because the 
direction in which light travels is always perpendicu¬ 
lar to the wave front, the direction of travel of the 
light beam now bends downward. 



Figure 16-1. Wave fronts entering (top) a glass surface 
perpendicular to the light rays and (bottom) a glass sur¬ 
face angulated to the light rays. This figure illustrates that 
the distance between waves after they enter the glass is 
shortened to approximately two-thirds that in air. It also 
illustrates that light rays striking an angulated glass sur¬ 
face are refracted. 
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Figure 16-2. Bending of light rays at each surface of a 
convex spherical lens, showing that parallel light rays are 
focused to a point focus. 


The bending of light rays at an angulated interface 
is known as refraction. Note particularly that the de¬ 
gree of refraction increases as a function of (1) the 
ratio of the two refractive indices of the two trans¬ 
parent media and (2) the degree of angulation be¬ 
tween the interface and the wave front of the beam. 


APPLICATION OF REFRACTIVE 
PRINCIPLES TO LENSES 

The Convex Lens. Figure 16-2 shows parallel 
light rays entering a convex lens. The light rays pass¬ 
ing through the center of the lens strike the lens 
exactly perpendicular to the lens surfaces and there¬ 
fore pass through the lens without being refracted at 
all. Toward either edge of the lens, however, the light 
rays strike a progressively more angulated interface. 
Therefore, the outer rays bend more and more to¬ 
ward the center. 

When the rays have passed through the glass, the 
outer rays bend still more toward the center. Thus, 
parallel light rays entering an appropriately formed 
convex lens come to a single point focus at some 
distance beyond the lens. 

The Concave Lens. Figure 16-3 shows the effect 
of a concave lens on parallel light rays. The rays that 
enter the very center of the lens strike an interface 
that is absolutely perpendicular to the beam and, 
therefore, do not refract at all. The rays at the edge of 



Figure 16-3. Bending of light rays at each surface of a 
concave spherical lens, illustrating that parallel light rays 
are diverged by a concave lens. 


the lens enter the lens ahead of the rays toward the 
center. This is opposite to the effect in the convex 
lens, and it causes the peripheral light rays to diverge 
away from the light rays that pass through the center 
of the lens. 

Thus, the concave lens diverges light rays, 
whereas the convex lens converges light rays. 

Spherical versus Cylindrical Lenses. Figure 
16-4 illustrates both a convex spherical lens and a 
convex cylindrical lens. Note that the convex cylin¬ 
drical lens bends light rays from the two sides of the 
lens but not from either the top or the bottom. There¬ 
fore, parallel light rays are bent to a focal line. On the 
other hand, light rays that pass through the spherical 
lens are refracted at all edges of the lens toward the 
central ray, and all the rays come to a focal point. 

The cylindrical lens is well illustrated by a test tube 
full of water. If the test tube is placed in a beam of 
sunlight and a piece of paper is brought progressively 
closer to the tube, a certain distance will be found at 
which the light rays come to a focal line. On the other 
hand, the spherical lens is illustrated by an ordinary 
magnifying glass. If such a lens is placed in a beam of 
sunlight and a piece of paper is brought progressively 
closer to the lens, the light rays will impinge on a 
common focal point at an appropriate distance. 



rays by a cylindrical convex lens. 
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Figure 16-5. Two cylindrical convex lenses at right an¬ 
gles to each other, illustrating that one lens converges 
light rays in one plane and the other lens converges light 
rays in the plane at right angles. The two lenses combined 
give the same point focus as that obtained with a spheri¬ 
cal convex lens. 


Concave cylindrical lenses diverge light rays in 
only one plane in the same manner that convex 
cylindrical lenses converge light rays in one plane. 

Figure 16-5 shows two convex cylindrical lenses at 
right angles to each other. The vertical cylindrical 
lens causes convergence of the light rays that pass 
through the two sides of the lens. The horizontal lens 
converges the top and bottom rays. Thus, all the light 
rays come to a single point focus. In other words, tv'o 
cylindrical lenses crossed at right angles to each 
other perform the same function as one spherical 
lens of the same refractive power. 


FOCUSING BY CONVEX LENSES 

The distance from a convex lens at which parallel 
rays converge to a common focal point is the focal 
length of the lens. The diagram at the top of Figure 
16-6 illustrates this focusing of parallel light rays. In 
the middle diagram of Figure 16-6, the light rays that 
enter the convex lens are not parallel but are diverg¬ 
ing because the origin of the light is a point source not 
far away from the lens itself. The rays striking the 
center of the lens are perpendicular to the lens sur¬ 
face and pass through the lens without any refrac¬ 
tion. In the discussion above it was shown that the 
degree of bending of light rays is a function of (a) the 
ratio of refractive indices at the interface and (b) the 
angle of incidence of the light rays. Therefore, the 
edges of the convex lens bend the diverging rays ap¬ 
proximately the same amount as they do parallel rays 
because the greater refraction at one interface is ap¬ 


proximately balanced by less refraction at the other 
interface. However, because these rays are already 
diverging, even though they are bent the same extent 
as parallel rays, it can be seen from the diagram that 
they do not come to a point focus at the same dis¬ 
tance away from the lens as do the parallel rays. In 
other words, when rays of light that are already di¬ 
verging enter a convex lens, the distance of focus on 
the other side of the lens is farther from the lens than 
is the case when the entering rays are parallel to each 
other. 

In the lower diagram of Figure 16-6 are shown light 
rays that also are diverging toward a convex lens that 
has far greater curvature than that of the upper two 
lenses of the figure. In this diagram the distance from 
the lens at which the light rays come to a focus is 
exactly the same as that from the lens in the first 
diagram, in which the lens was convex but the light 
rays entering it were parallel. This illustrates that 
both parallel rays and diverging rays can be focused 
at the same distance behind a lens provided that the 
lens changes its convexity. It is obvious that the 
nearer the point source of light is to the lens, the 
greater is the divergence of the light rays and the 
greater must be the curvature of the lens to cause 
focusing at the same distance. 

The relationship of focal length of the lens, dis¬ 
tance of the point source of light, and distance of 
focus is expressed by the following formula: 


in which / is the focal length of the lens, a the dis¬ 
tance of the point source of light from the lens, and b 
the distance of focus from the lens. 



Figure 16-6. The upper two lenses of this figure have 
the same strength, but the light rays entering the top lens 
are parallel, while those entering the second lens are di¬ 
verging; the effect of parallel versus diverging rays on the 
focal distance is illustrated. The bottom lens has far more 
refractive power than either of the other two lenses, illus¬ 
trating that the stronger the lens the nearer to the lens is 
the point focus. 
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FORMATION OF AN IMAGE 
BY A CONVEX LENS 

The upper drawing of Figure 16-7 illustrates a con¬ 
vex lens with two point sources of light to the left. 
Because light rays from any point source pass 
through the center of a convex lens without being 
refracted in either direction, the light rays from both 
point sources of light are shown to pass straight 
through the lens center. Furthermore, the other light 
rays from each point source of light, passing through 
the upper and side edges of the lens, all come to point 
focus behind the lens directly in line with each re¬ 
spective point source of light and the center of the 
lens. 

Any object in front of the lens is in reality a mosaic 
of point sources of light. Some of these points are 
very bright, some are very weak, and they vary in 
color. The light rays from each point source of light 
that enter the very center of the convex lens pass 
directly through this lens without any of the rays 
bending. Furthermore, the light rays that enter the 
edges of the lens finally come to focal points behind 
the lens in line with the rays that pass through the 
center. Therefore, every point source of light on the 
object comes to a separate point focus on the oppo¬ 
site side of the lens. If all portions of the object are 
the same distance in front of the lens, all the focal 
points behind the lens will fall in a common plane a 
certain distance behind the lens. If a white piece of 
paper is placed at this distance, one can see an image 
of the object, as is illustrated in the lower portion of 
Figure 16-7. However, this image is upside down 
with respect to the original object, and the two lateral 
sides of the image are reversed with respect to the 
original. This is the method by which the lens of a 
camera focuses light rays on the camera film. 

MEASUREMENT OF THE REFRACTIVE 
POWER OF A LENS—THE DIOPTER 

The more a lens bends light rays, the greater is its 
“refractive power.” This refractive power is meas¬ 
ured in terms of diopters. The refractive power of a 




Figure 16-7. The top drawing illustrates two point 
sources of light focused at two separate points on the 
opposite side of the lens. The lower drawing illustrates 
formation of an image by a convex spherical lens. 




Figure 16-8. Effect of lens strength on the focal dis¬ 
tance. 


convex lens is equal to 1 meter divided by its focal 
length. Thus a spherical lens has a refractive power 
of -f 1 diopter when it is capable of converging paral¬ 
lel light rays to a focal point 1 meter beyond the lens, 
as illustrated in Figure 16-8. If the lens is capable of 
bending parallel light rays twice as much as a lens 
with a power of -t-1 diopter, it is said to have a 
strength of -t-2 diopters, and, obviously, the light rays 
come to a focal point 0.5 meter beyond the lens. A 
lens capable of converging parallel light rays to a 
focal point only 10 cm. beyond the lens has a refrac¬ 
tive power of -t-10 diopters. 

The refractive power of concave lenses cannot be 
stated in terms of the focal distance beyond the lens 
because the light rays diverge rather than focus to a 
point. Therefore, the power of a concave lens is 
stated in terms of its ability to diverge light rays in 
comparison with the ability of convex lenses to con¬ 
verge light rays. That is, if a concave lens diverges 
light rays the same amount that a 1 diopter convex 
lens converges them, the concave lens is said to have 
a dioptric strength of -1. Likewise, if the concave 
lens diverges the light rays as much as a -1-10 diopter 
lens converges them, it is said to have a strength of 
-10 diopters. 

Note particularly that concave lenses can “neu¬ 
tralize” the refractive power of convex lenses. Thus, 
placing a 1 diopter concave lens immediately in front 
of a 1 diopter convex lens results in a lens system 
with zero refractive power. 

The strengths of cylindrical lenses are computed in 
the same manner as the strengths of spherical lenses. 
If a cylindrical lens focuses parallel light rays to a line 
focus 1 meter beyond the lens, it has a strength of -f 1 
diopter. On the other hand, if a cylindrical lens of a 
concave type diverges light rays as much as a -f-1 
diopter cylindrical lens converges them, it has a 
strength of — 1 diopter. 

THE OPTICS OF THE EYE 

THE EYE AS A CAMERA 

The eye, as illustrated in Figure 16-9 is opti¬ 
cally equivalent to the usual photographic cam- 
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Total refractive pov>/er = 59 diopters 



Figure 16-9. The eye as a camera. The numbers are the 
refractive indices. 


era, for it has a lens system, a variable aperture 
system, and a retina that corresponds to the 
film. The lens system of the eye is composed of 
(1) the interface between air and the anterior 
surface of the cornea, (2) the interface between 
the posterior surface of the cornea and the 
aqueous humor, (3) the interface between the 
aqueous humor and the anterior surface of the 
lens, and (4) the interface between the posterior 
surface of the lens and the vitreous humor. The 
refractive index of air is 1; the cornea, 1.38; the 
aqueous humor, 1.33; the lens (on the average), 
1.40; and the vitreous humor, 1.34. 

The Reduced Eye. If all the refractive sur¬ 
faces of the eye are algebraically added together 
and then considered to be one single lens, the 
optics of the normal eye may be simplified and 
represented schematically as a “reduced eye.” 
This is useful in simple calculations. In the re¬ 
duced eye, a single lens is considered to exist 
with its central point 17 mm. in front of the 
retina and to have a total refractive power of 
approximtely 59 diopters when the lens is ac¬ 
commodated for distant vision. 

The anterior surface of the cornea provides 
about 48 diopters of the eye’s total dioptric 
strength for three reasons: (1) the refractive 
index of the cornea is markedly different from 
that of air; (2) the surface of the cornea is fur¬ 
ther away from the retina than are the surfaces 
of the eye lens; and (3) the curvature of the 
cornea is reasonably great. 

The posterior surface of the cornea is con¬ 
cave and actually acts as a concave lens, but, 
because the difference in refractive index of the 
cornea and the aqueous humor is slight, this 
posterior surface of the cornea has a refractive 
power of only about —4 diopters, which neu¬ 
tralizes only a small part of the refractive power 
of the other refractive surfaces of the eye. 

The total refractive power of the crystalline 
lens of the eye when it is surrounded by fluid on 
each side is only 15 diopters of the total refrac¬ 


tive power of the eye’s lens system. If this lens 
were removed from the eye and then sur¬ 
rounded by air, its refractive power would be 
about 150 diopters. Thus, it can be seen that the 
lens inside the eye is not nearly so powerful as it 
is outside the eye. The reason for this is that the 
fluids surrounding the lens have refractive in¬ 
dices not greatly different from the refractive 
index of the lens itself, the smallness of the dif¬ 
ferences greatly decreasing the amount of light 
refraction at the lens interfaces. But the impor¬ 
tance of the crystalline lens is that its curvature 
and therefore also its strength can change to 
provide accommodation, which will be dis¬ 
cussed later in the chapter. 

Formation of an Image on the Retina. In 
exactly the same manner that a glass lens can 
focus an image on a sheet of paper, the lens 
system of the eye can also focus an image on the 
retina. The image is inverted and reversed with 
respect to the object. However, the mind per¬ 
ceives objects in the upright position despite the 
upside down orientation on the retina because 
the brain is trained to consider an inverted 
image as the normal. 

THE MECHANISM OF ACCOMMODATION 

The refractive power of the crystalline lens of 
the eye can be voluntarily increased from 15 
diopters to approximately 29 diopters in young 
children; this is a total “accommodation’’ of 14 
diopters. To do this, the shape of the lens is 
changed from that of a moderately convex lens 
to that of a very convex lens. The mechanism of 
this is the following: 

Normally, the lens is composed of a strong 
elastic capsule filled with viscous proteina¬ 
ceous, but transparent fibers. When the lens is 
in a relaxed state, with no tension on its cap¬ 
sule, it assumes a spherical shape, owing en¬ 
tirely to the elasticity of the lens capsule. How¬ 
ever, as illustrated in Figure 16-10, approxi¬ 
mately 70 ligaments attach radially around the 
lens, pulling the lens edges toward the edge of 
the choroid. These ligaments are constantly 
tensed by the elastic pull of their attachments to 
the choroid, and the tension on the ligaments 
causes the lens to remain relatively flat under 
normal resting conditions of the eye. At the in¬ 
sertions of the ligaments in the choroid is the 
ciliary muscle, which has two sets of smooth 
muscle fiber's, the meridional fibers and the cir¬ 
cular fibers. The meridional fibers extend from 
the corneoscleral junction to the insertions of 
the ligaments in the choroid approximately 2 to 
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Figure 16-10. Mechanism of accommodation. 


3 mm. behind the corneoscleral junction. When 
these muscle fibers contract, the insertions of 
the ligaments are pulled forward, thereby re¬ 
leasing a certain amount of tension on the crys¬ 
talline lens. The circular fibers are arranged cir¬ 
cularly all the way around the eye so that when 
they contract a sphincter-like action occurs, de¬ 
creasing the diameter of the circle of ligament 
attachments and allowing the ligaments to pull 
less on the lens capsule. 

Thus, contraction of both sets of smooth 
muscle fibers in the ciliary muscle relaxes the 
ligaments to the lens capsule, and the lens as¬ 
sumes a more spherical shape, like that of a 
balloon, because of elasticity of its capsule. 
When the ciliary muscle is completely relaxed, 
the dioptric strength of the lens is as weak as it 
can become. On the other hand, when the 
ciliary muscle contracts as strongly as possible, 
the dioptric strength of the lens becomes maxi¬ 
mal. 

Autonomic Control of Accommodation. 

The ciliary muscle is controlled mainly by the 
parasympathetic nervous system but also to a 
slight extent by the sympathetic system, as will 
be discussed in Chapter 18. Stimulation of the 
parasympathetic fibers to the eye contracts the 
ciliary muscle, which in turn relaxes the lig¬ 
aments of the lens and increases its refractive 
power. With an increased refractive power, the 
eye is capable of focusing on objects that are 
nearer to it than is an eye with less refractive 
power. Consequently, as a distant object moves 
toward the eye, the number of parasympathetic 
impulses impinging on the ciliary muscle must 
be progressively increased for the eye to keep 


the object constantly in focus. Sympathetic 
stimulation has a weak effect in relaxing the 
ciliary muscle and therefore in focusing the eye 
for far vision. 

Presbyopia. As a person grows older, his 
lens loses its elastic nature and becomes a rela¬ 
tively solid mass, probably because of progres¬ 
sive denaturation of the proteins. Therefore, the 
ability of the lens to assume a spherical shape 
progressively decreases, and the power of ac¬ 
commodation decreases from approximately 14 
diopters shortly after birth to approximately 2 
diopters at the age of 45 to 50. Thereafter, the 
lens of the eye may be considered to be almost 
totally nonaccommodating, which condition is 
known as “presbyopia.” 

Once a person has reached the state of pres¬ 
byopia, each eye remains focused permanently 
at an almost constant distance; this distance de¬ 
pends on the physical characteristics of each 
individual’s eyes. Obviously, the eyes can no 
longer accommodate for both near and far vi¬ 
sion. Therefore, for an older person to see 
clearly both in the distance and nearby, he must 
wear bifocal glasses with the upper segment fo¬ 
cused for far-seeing and the lower segment fo¬ 
cused for near-seeing. 

THE PUPILLARY APERTURE 

A major function of the iris is to increase the 
amount of light that enters the eye during dark¬ 
ness and to decrease the light that enters the eye 
in bright light. The reflexes for controlling this 
mechanism will be considered in the discussion 
of the neurology of the eye in Chapter 18. The 
amount of light that enters the eye through the 
pupil is proportional to the area of the pupil or 
to the square of the diameter of the pupil. The 
pupil of the human eye can become as small as 
approximately 1.5 mm. and as large as 8 mm. in 
diameter. Therefore, the quantity of light enter¬ 
ing the eye may vary approximately 30 times as 
a result of changes in pupillary aperture size. 

Depth of Focus of the Lens System of the 
Eye. Figure 16-11 illustrates two separate 
eyes that are exactly alike except that the 
diameters of the pupillary apertures are differ¬ 
ent. In the upper eye the pupillary aperture is 
small, and in the lower eye the aperture is large. 
In front of each of these two eyes are two small 
point sources of light, and light from each pass¬ 
es through the pupillary aperture and focuses on 
the retina. Consequently, in both eyes the retina 
sees two spots of light in perfect focus. It is 
evident from the diagrams, however, that if the 
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Figure 16-11. Effect of small and large pupillary aper¬ 
tures on the depth of focus. 


retina is moved forward or backward to an 
out-of-focus position, the size of each spot will 
not change much in the upper eye, but in the 
lower eye the size of each spot will increase 
greatly, and it becomes a “blur circle.” In other 
words, the upper lens system has far greater 
depth of focus than the bottom lens system. 
When a lens system has great depth of focus, 
the retina can be considerably displaced from 
the focal plane and still discern the various 
points of an image rather distinctly; whereas, 
when a lens system has a shallow depth of 
focus, moving the retina only slightly away 
from the focal plane causes extreme blurring of 
the image. 

The greatest possible depth of focus occurs 
when the pupil is extremely small. The reason 
for this is that with a very small aperture the eye 
acts more or less as a pinhole camera. It will be 
recalled from the study of physics that light rays 
coming from an object and passing through a 
pinhole are in focus on any surface at all dis¬ 
tances beyond the pinhole. In other words, the 
depth of focus of a pinhole camera is infinite. 


low illumination levels which cause the pupil to di¬ 
late. 

Chromatic Aberration. The lens of the eye is 
also subject to “chromatic aberration,” which is il¬ 
lustrated in Figure 16-13. This means that the refrac¬ 
tive power of the lens is different for the different 
colors, so that different colors focus at different dis¬ 
tances behind the lens. Furthermore, the greater the 
aperture of the lens, the greater are the errors of 
chromatic aberration, for those light rays passing 
through the center of the lens are proportionately less 
affected than are the rays passing through the 
periphery of the lens. 

Diffractive Errors of the Eye. Still another error 
in the optical system of all eyes is “diffraction” of 
light rays. Diffraction means bending of light rays as 
they pass over sharp edges; this obviously occurs as 
the rays pass over the edges of the pupil. Diffractive 
errors become especially important when the pupil 
becomes very small, because “interference” pat¬ 
terns then appear on the retina. A thorough con¬ 
sideration of diffraction at this point is impossible, 
and this phenomenon is simply noted to explain that 
as the pupil becomes 1.5 mm. in size the sharpness of 
vision becomes less than when the pupil is approxi¬ 
mately 2.5 mm. in size despite the fact that the depth 
of focus is better the smaller the pupillary diameter. 

Cataracts. Cataracts are an especially common 
eye abnormality that occurs in older people. A 
cataract is a cloudy or opaque area in the lens. In the 
early stage of cataract formation the proteins in the 
lens fibers immediately beneath the capsule become 
denatured. Later, these same proteins coagulate to 
form opaque areas in place of the normal transparent 
protein fibers of the lens. Finally, in still later stages, 
calcium is often deposited in the coagulated proteins, 
thus further increasing the opacity. 

When a cataract has obscured light transmission so 
greatly that it seriously impairs vision, the condition 
can be corrected by surgical removal of the entire 
lens. When this is done, however, the eye loses a 
large portion of its refractive power, which must be 
replaced by a powerful convex lens (about +15 diop¬ 
ters) in front of the eye, as will be explained in the 
following sections. 


ERRORS OF REFRACTION 


^^NORMAV^ ABERRATIONS OF VISION 

Spherical Aberration. The crystalline lens of the 
eye is not nearly so regularly formed as lenses made 
by good opticians. Indeed, the light rays passing 
through the peripheral edges of the eye lens are not 
brought to really sharp focus with the other light 
rays, as illustrated in Figure 16-12. This effect is 
known as “spherical aberration,” and the lens sys¬ 
tem of the human eye is quite subject to such an 
error. Therefore, increasing the aperture of the pupil 
progressively decreases the sharpness of focus. This 
partially explains why visual acuity is decreased at 


Emmetropia. As shown in Figure 16-14, the eye 
is considered to be normal or “emmetropic” if, when 
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Figure 16-13. Chromatic aberration. 


the ciliary muscle is completely relaxed, parallel light 
rays from distant objects are in sharp focus on the 
retina. This means that the emmetropic eye can, with 
its ciliary muscle completely relaxed, see all distant 
objects clearly, but to focus objects at close range it 
must contract its ciliary muscle and thereby provide 
various degrees of accommodation. 

Hypermetropia (Hyperopia). Hypermetropia, 
which is also known as “far-sightedness,” is due 
either to an eyeball that is too short or to a lens 
system that is too weak when the ciliary muscle is 
completely relaxed. In this condition, parallel light 
rays are not bent sufficiently by the lens system to 
come to a focus by the time they reach the retina. In 
order to overcome this abnormality, the ciliary mus¬ 
cle may contract to increase the strength of the lens. 
Therefore, the far-sighted person is capable, by using 
his mechanism of accommodation, of focusing dis¬ 
tant objects on his retina. If he has used only a small 
amount of strength in his ciliary muscle to accommo- 




Figure 16-14. Parallel light rays focus on the retina in 
emmetropia, behind the retina in hypermetropia, and in 
front of the retina in myopia. 


date for the distant objects, then he still has much 
accommodative power left, and objects closer and 
closer to the eye can also be focused sharply until the 
ciliary muscle has contracted to its limit. The dis¬ 
tance of the object away from the eye at this point is 
known as the “near point” of vision. 

In old age, when the lens becomes presbyopic, the 
far-sighted person often is not able to accommodate 
his lens sufficiently to focus even distant objects, 
much less to focus near objects. 

Myopia. In myopia, or “near-sightedness,” even 
when the ciliary muscle is completely relaxed, the 
strength of the lens is still so great that light rays 
coming from distant objects are focused in front of 
the retina. This is usually due to too long an eyeball 
but it can occasionally result from too much power of 
the lens system of the eye. 

No mechanism exists by which the eye can de¬ 
crease the strength of its lens beyond that which 
exists when the ciliary muscle is completely relaxed. 
Therefore, the myopic person has no mechanism by 
which he can ever focus distant objects sharply on 
his retina. However, as an object comes nearer and 
nearer to his eye it finally comes near enough that its 
image is focused on the retina. Then, when the object 
comes still closer to the eye, the person can use his 
mechanism of accommodation to keep the image fo¬ 
cused clearly. Therefore, a myopic person has a 
definite limiting “far point” for acute vision as well 
as a “near point”; when an object comes inside the 
“far point,” he can use his mechanism of accommo¬ 
dation to keep the object in focus until the object 
reaches the “near point.” 

Correction of Myopia and Hypermetropia by Use of 
Lenses. It will be recalled that light rays passing 
through a concave lens diverge. Therefore, if the re¬ 
fractive surfaces of the eye have too much refractive 
power, as in myopia, some of this excessive refrac¬ 
tive power can be neutralized by placing in front of 
the eye a concave spherical lens, which will diverge 
rays. On the other hand, in a person who has 
hypermetropia—that is, one who has too weak a lens 
for the distance of the retina away from the lens—the 
abnormal vision can be corrected by adding refrac¬ 
tive power with a convex lens in front of the eye. 
These corrections are illustrated in Figure 16-15. 
One usually determines the strength of the concave 
or convex lens needed for clear vision by “trial and 
error”—that is, by trying first a strong lens and then 
a stronger or weaker lens until the one that gives the 
best visual acuity is found. 

Astigmatism. Astigmatism is a refractive error 
of the lens system of the eye caused usually by an 
oblong shape of the cornea or, rarely, by an oblong 
shape of the lens. A lens surface like the side of an 
egg lying edgewise to the incoming light would be an 
example of an astigmatic lens. The degree of curva¬ 
ture in a plane through the long axis of the egg is not 
nearly so great as the degree of curvature in a plane 
through the short axis. The same is true of an astig¬ 
matic lens. Because the curvature of the astigmatic 
lens along one plane is less than the curvature along 
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Hypermetropia Convex lens 

Figure 16-15. Correction of myopia with a concave lens 
and correction of hypermetropia with a convex lens. 


the other plane, light rays striking the peripheral por¬ 
tions of the lens in one plane are not bent nearly so 
much as are rays striking the peripheral portions of 
the other plane. 

This is illustrated in Figure 16-16, which shows 
what happens to rays of light emanating from a point 
source and passing through an oblong astigmatic 
lens. The light rays in the vertical plane, which is 
indicated by plane BD, are refracted greatly by the 
astigmatic lens because of the greater curvature in 
the vertical direction than in the horizontal direction. 
However, the light rays in the horizontal plane, indi¬ 
cated by plane AC, are bent not nearly so much as 
the light rays in the vertical plane. It is obvious, 
therefore, that the light rays passing through an as¬ 
tigmatic lens do not all come to a common focal point 
because the light rays passing through one plane of 
the lens focus far in front of those passing through the 
other plane. 

Point source 



Figure 16-16. Astigmatism, illustrating that light rays 
focus at one focal distance in one focal plane and at 
another focal distance in the plane at right angles. 


Placing an appropriate spherical lens in front of an 
astigmatic eye can bring the light rays that pass 
through one plane of the lens into focus on the retina, 
but spherical lenses can never bring all the light rays 
into complete focus at the same time. This is the 
reason why astigmatism is a very undesirable refrac¬ 
tive error of the eyes. Furthermore, the accommoda¬ 
tive powers of the eyes cannot compensate for astig¬ 
matism for the same reasons that spherical lenses 
placed in front of the eyes cannot correct the condi¬ 
tion. 

Correction of Astigmatism with a Cylindrical Lens. 
In correcting astigmatism with lenses it must always 
be remembered that two cylindrical lenses of equal 
strength may be crossed at right angles to give the 
same refractive effects as a spherical lens of the same 
strength. However, if one of the crossed cylindrical 
lenses has a different strength from that of the second 
lens, the light rays in one plane may not be brought to 
a common focal point with the light rays in the oppo¬ 
site plane. This is the situation that one usually finds 
in the astigmatic eye. In other words, one may con¬ 
sider an astigmatic eye as having a lens system made 
up of two cylindrical lenses of slightly different 
strengths. Another way of looking at the astigmatic 
lens system of the eye is that this system is a spheri¬ 
cal lens with a superimposed cylindrical lens. 

To correct the focusing of an astigmatic lens sys¬ 
tem, it is necessary to determine both the strength of 
the cylindrical lens needed to neutralize the excess 
cylindrical power of the eye lens and the axis of this 
abnormal cylindrical lens. 

There are several methods for determining the axis 
of the abnormal cylindrical component of the lens 
system of an eye. One of these methods is based on 
the use of parallel black bars, as shown in Figure 
16-17. Some of these parallel bars are vertical, some 
horizontal, and some at various angles to the vertical 
and horizontal axes. After placing, by trial and error, 
various spherical lenses in front of the astigmatic 
eye, a strength of lens will usually be found that will 
cause sharp focus of one set of these parallel bars on 
the retina of the astigmatic eye. If there is no accom¬ 
panying myopia or hypermetropia, the spherical lens 
may not be necessary. 

It can be shown from the physical principles of 
optics discussed earlier in this chapter that the axis of 
the out-of-focus cylindrical component of the optical 
system is parallel to the black bars that are fuzzy in 
appearance. Once this axis is found, the examiner 
tries progressively stronger and weaker positive or 
negative cylindrical lenses, the axes of which are 
placed parallel to the out-of-focus bars until the pa¬ 
tient sees all the crossed bars with equal clarity. 
When this has been accomplished, the examiner di¬ 
rects the optician to grind a special lens having both 
the spherical correction plus the cylindrical correc¬ 
tion at the appropriate axis. 

Correction of Optical Abnormalities by Use of 
Contact Lenses. In recent years, either glass or 
plastic contact lenses have been used to fit snugly 
against the anterior surface of the cornea. These 
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Figure 16-17. Chart composed of parallel black bars for 
determining the axis (meridian) of astigmatism. 


lenses are held in place by a thin layer of tears that fill 
the space between the contact lens and the anterior 
surface. 

A special feature of the contact lens is that it nul¬ 
lifies almost entirely the refraction that normally oc¬ 
curs at the anterior surface of the cornea. The reason 
for this is that the tears between the contact lens and 
the cornea have a refractive index almost equal to 
that of the cornea so that no longer does the anterior 
surface of the cornea play a significant role in the 
eye’s optical system. Instead, the anterior surface of 
the contact lens now plays the major role and its 
posterior surface a minor role, the refraction of this 
lens now substituting for the cornea’s usual refrac¬ 
tion. This is especially important in persons whose 
eye refractive errors are caused by an abnormally 
shaped cornea, such as persons who have an odd¬ 
shaped, bulging cornea—a condition called kera- 
toconus. Without the contact lens the bulging cornea 
causes such severe abnormality of vision that almost 
no glasses can correct the vision satisfactorily; when 
a contact lens is used, however, the corneal refrac¬ 
tion is neutralized, and normal refraction by the con¬ 
tact lens is substituted in its place. 

The contact lens has several other advantages as 
well, including (1) the lens turns with the eye and 
gives a broader field of clear vision than do usual 
glasses, and (2) the contact lens has little effect on the 
size of the object that the person sees through the 
lens; on the other hand, lenses placed several cen¬ 
timeters in front of the eye do affect the size of the 
image even though they do correct the focus. 

SIZE OF THE IMAGE ON THE RETINA 
AND VISUAL ACUITY 

If the distance from an object to the eye lens 
is 17 meters and the distance from the center of 


the lens to the image is 17 millimeters, the ratio 
of the object size to image size is 1000 to 1. 
Therefore, an object 17 meters in front of the 
eye and 1 meter in size produces an image on 
the retina 1 millimeter in size. 

Theoretically, a point of light from a distant 
point source, when focused on the retina, 
should be infinitely small. However, since the 
lens system of the eye is not perfect, such a 
retinal spot ordinarily has a total diameter of 
about 11 microns even with maximum resolu¬ 
tion of the optical system. However, it is 
brightest in its very center and shades off 
gradually toward the edges. 

The average diameter of cones in the fovea of 
the retina, the central part of the retina where 
vision is most highly developed, is approxi¬ 
mately 1.5 microns, which is one-seventh the 
diameter of the spot of light. Nevertheless, 
since the spot of light has a bright center point 
and shaded edges, a person can distinguish two 
separate points if their centers lie approxi¬ 
mately 2 microns apart on the retina, which is 
slightly greater than the width of a foveal cone. 
This discrimination between points is illustrated 
in Figure 16-18. 

The maximum visual acuity of the human eye 
for discriminating between point sources of 
light is 26 seconds. That is, when light rays from 
two separate points strike the eye with an angle 
of at least 26 seconds between them, they can 
usually be recognized as two points instead of 
one. This means that a person with maximal 
acuity looking at two bright pinpoint spots of 
light 10 meters away can barely distinguish the 
spots as separate entities when they are 1 mil¬ 
limeter apart. 

The fovea is only a fraction of a millimeter in 
diameter, which means that maximum visual 
acuity occurs in only 3 degrees of the visual 
field. Outside this foveal area the visual acuity 



Figure 16-18. Maximal visual acuity for two point 
sources of light. 
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is reduced 5- to 10-fold, and it becomes progres¬ 
sively poorer as the periphery is approached. 
This is caused by the connection of many rods 
and cones to the same nerve fiber, as discussed 
in Chapter 18. 

Clinical Method for Stating Visual Acu¬ 
ity. Usually the test chart for testing eyes is 
placed 20 feet away from the tested person, and 
if the person can see the letters of the size that 
he should be able to see at 20 feet, he is said to 
have 20/20 vision: that is, normal vision. If he 
can see only letters that he should be able to see 
at 200 feet, he is said to have 20/200 vision. On 
the other hand, if he can see at 20 feet letters 
that he should be able to see only at 15 feet, he 
is said to have 20/15 vision. In other words, the 
clinical method for expressing visual acuity is to 
use a mathematical fraction that expresses the 
ratio of two distances, which is also the ratio of 
one’s visual acuity to that of the normal person. 


DETERMINATION OF DISTANCE 
OF AN OBJECT FROM THE EYE- 
DEPTH PERCEPTION 

There are three major means by which the 
visual apparatus normally perceives distance, a 
phenomenon that is known as depth perception. 
These are (1) relative sizes of objects, (2) mov¬ 
ing parallax, and (3) stereopsis. 

Determination of Distance by Relative 
Sizes. If a person knows that a man is six feet 
tall and then he sees this man even with only 
one eye, he can determine how far away the 
man is simply by the size of the man’s image on 
his retina. He does not consciously think about 
the size of this image, but his brain has learned 
to determine automatically from the image sizes 
the distances of objects from the eye when the 
dimensions of these objects are already known. 

Determination of Distance by Moving 
Parallax. Another important means by which 
the eyes determine distance is that of moving 
parallax. If a person looks off into the distance 
with his eyes completely still, he perceives no 
moving parallax, but, when he moves his head 
to one side or the other, the images of objects 
close to him move rapidly across his retinae 
while the images of distant objects remain rath¬ 
er stationary. For instance, if he moves his head 
1 inch and an object is only 1 inch in front of his 
eye, the image moves almost all the way across 
his retinae, whereas the image of an object 200 
feet away from his eyes does not move percep¬ 
tibly. Thus, by this mechanism of moving paral- 


I Size of image 



Figure 16-19. Perception of distance (1) by the size of 
the image on the retina and (2) as a result of stereopsis. 


lax, one can tell the relative distances of differ¬ 
ent objects even though only one eye is used. 

Determination of Distance by Stereopsis. 
Another method by which one perceives paral¬ 
lax is that of binocular vision. Because one eye 
is a little more than 2 inches to one side of the 
other eye, the images on the two retinae are 
different one from the other—that is, an object 
that is 1 inch in front of the bridge of the nose 
forms an image on the temporal portion of the 
retina of each eye, whereas a small object 20 
feet in front of the nose has its image at closely 
corresponding points in the middle of the eye. 
This type of parallax is illustrated in Figure 
16-19, which shows the images of a black spot 
and a square actually reversed on the retinae 
because they are at different distances in front 
of the eyes. This gives a type of parallax that is 
present all the time when both eyes are being 
used. It is almost entirely this binocular parallax 
(or stereopsis) that gives a person with two eyes 
far greater ability to judge relative distances 
when objects are nearby than a person who has 
only one eye. However, stereopsis is virtually 
useless for depth perception at distances be¬ 
yond 200 feet. 



Figure 16-20. The optical system of the ophthalmo¬ 
scope. 
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OPTICAL INSTRUMENTS 

THE OPHTHALMOSCOPE 

The ophthalmoscope is an instrument designed so 
that an observer can look through it into another per¬ 
son’s eye and see the retina with clarity. Though the 
ophthalmoscope appears to be a relatively compli¬ 
cated instrument, its principles are simple. The basic 
portions of such an instrument are illustrated in Fig¬ 
ure 16-20 and may be explained as follows: 

If a bright spot of light is on the retina of an emme¬ 
tropic eye, light rays from the spot diverge toward 
the lens system of the eye, and, after they pass 
through the lens system, they are parallel with each 
other because the retina is located in the focal plane 
of the lens. When these parallel rays pass into an 
emmetropic eye of another person, they focus to a 
point on the retina of the second person because his 
retina is in the focal plane of his lens. Therefore, any 
spot of light on the retina of the observed eye comes 
to a focal spot on the retina of the observing eye. 
Likewise, when the bright spot of light is moved to 
different portions of the observed retina, the focal 
spot on the retina of the observer also moves approx¬ 
imately an equal amount. Thus, if the retina of one 
person is made to emit light, the image of his retina 
will be focused on the retina of the observer provided 
that the two eyes are simply looking into each other. 
These principles, of course, apply only to completely 
emmetropic eyes. 

To make an ophthalmoscope, one need only devise 
a means for illuminating the retina to be examined. 
Then, the reflected light from that retina can be seen 
by the observer simply by putting the two eyes close 
to each other. To illuminate the retina of the ob¬ 
served eye, an angulated mirror or a segment of a 
prism is placed in front of the observed eye in such a 
manner that light from a bulb is reflected into the 
observed eye. Thus, the retina is illuminated through 
the pupil, and the observer sees into the subject’s 
pupil by looking over the edge of the mirror or prism, 
or preferably through an appropriately designed 
prism so that the light will not have to enter the pupil 
at an angle. 

It was noted above that these principles apply only 
to persons with completely emmetropic eyes. If the 
refractive power of either eye is abnormal, it is 
necessary to correct this refractive power in order for 
the observer to see a sharp image of the observed 
retina. Therefore, the usual ophthalmoscope has a 
I series of about 20 lenses mounted on a turret so that 
the turret can be rotated from one lens to another, 

( and the correction for abnormal refractive power of 
either or both eyes can be made at the same time by 
selecting a single lens of appropriate strength. In 
normal young persons, when the two eyes come 
close together, a natural accommodative reflex oc¬ 
curs that causes approximately 4-2 diopters increase 
in the strength of the lens of each eye. To correct for 
this, it is necessary that the lens turret be rotated to 
approximately -4 diopters correction. 



Figure 16-21. The retinoscope. 


THE RETINOSCOPE 

The retinoscope, illustrated in Figure 16-21, is an 
instrument that can be used to determine the refrac¬ 
tive power of an eye even though the subject cannot 
converse with the observer. Such a procedure is val¬ 
uable for fitting glasses to an infant. 

To use the retinoscope, one places a bright spot of 
light behind and to one side of the observed eye, and 
stands 1 meter away, looking through a hole in the 
middle of a mirror. The observer then rotates this 
mirror from side to side, casting a reflected beam of 
light into the pupil of the observed eye while the 
subject keeps his gaze intently on the observer’s eye. 
If the observed eye is normal, when this beam of light 
travels across the pupil the entire pupil suddenly 
glows red. If the eye has abnormal refractive powers, 
the red glow appears either on the side of the pupil 
into which the light first shines or on the opposite 
side of the pupil—one or the other. In hyperopia the 
first glow appears on the side of the pupil from which 
the light beam is being moved. lu myopia the first 
glow appears on the opposite side of the pupil. The 
cause of this difference is that the lens of the 
hyperopic eye is too weak and that of the myopic eye 
too strong to focus the light from the edge of the pupil 
on the retina exactly in line with the observer’s eye. 
For a fuller understanding of this effect, however, the 
student is referred to texts on physiologic optics. 

One can fit glasses to a patient by placing selected 
lenses in front of the observed eye one at a time until 
the glow suddenly covers the pupil over its entire 
extent rather than spreading from one side of the 
pupil to the other. However, it should be noted that 
in retinoscopy one tests an eye that is focused on the 
observer’s eye at 1 meter’s distance. This must be 
taken into consideration in prescribing glasses; 1 
diopter strength must be subtracted for far vision. 
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The Eye: 

n. Receptor Functions of 

the Retina 


The retina is the light-sensitive portion of the 
eye, containing the cones, which are mainly re¬ 
sponsible for color vision, and the rods, which 
are mainly responsible for vision in the dark. 
When the rods and cones are excited, signals 
are transmitted through successive neurons in 
the retina itself and finally into the optic nerve 
fibers and cerebral cortex. The purpose of the 
present chapter is to explain specifically the 
mechanisms by which the rods and cones detect 
both white and colored light. 


passage through such nonhomogeneous tissue. How¬ 
ever, in the central region of the retina, as will be 
discussed below, the initial layers are pulled aside to 
prevent this loss of acuity. 

The Foveal Region of the Retina and its Impor¬ 
tance in Acute Vision. A minute area in the center 
of the retina, illustrated in Figure 17-2, called the 
macula and occupying a total area of less than 1 
square millimeter is especially capable of acute and 
detailed vision. This area is composed entirely of 
cones, but the cones are very much elongated and 


ANATOMY AND FUNCTION OF 
THE STRUCTURAL ELEMENTS 
OF THE RETINA 

The Layers of the Retina. Figure 17-1 shows the 
functional components of the retina arranged in 
layers from the outside to the inside as follows: (1) 
pigment layer, (2) layer of rods and cones projecting 
into the pigment, (3) outer lining membrane, (4) 
outer nuclear layer, (5) outer plexiform layer, (6) 
inner nuclear layer, (7) inner plexiform layer, (8) 
ganglionic layer, (9) layer of optic nerve fibers, and 
(10) inner limiting membrane. 

After light passes through the lens system of the 
eye and then through the vitreous humor, it enters 
the retina from the bottom (see Figure 17-1): that is, 
it passes through the ganglion cells, the plexiform 
layer, the nuclear layer, and the limiting membranes 
before it finally reaches the layer of rods and cones 
located all the way on the opposite side of the retina. 
This distance is a thickness of several hundred mi¬ 
crons; visual acuity is obviously decreased by this 



r-ngmented layer 

► Layer of rods and cones 
j-Outer limiting membrane 

Outer nuclear layer 

Outer plexiform layer 

^^Horizontal cell 
Inner nuclear layer 

■j-Fiber of Muller 
-Amacrine cell 
Inner plexiform layer 

^Ganglion cells 
Ganglionic layer 

V r\ /~}Strotum opticum 

''Inner limiting membrane 


Figure 17-1. Plan of the retinal neurons. (From Polyak: 
The Retina. University of Chicago Press.) 
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Figure 17-2. Photomicrograph of the macula and of the fovea in its center. Note that the inner layers of the retina are 
pulled to the side to decrease the interference with light transmission. (From Bloom and Fawcett: A Textbook of 
Histology, 10th Ed., 1975; courtesy of H. Mizoguchi.) 


have a diameter of only 1.5 microns in contradistinc¬ 
tion to the very large cones located farther peripher¬ 
ally in the retina. The central portion of the macula, 
only 0.4 mm. in diameter, is called the fovea; in this 
region the blood vessels, the ganglion cells, the inner 
nuclear layer of cells, and the plexiform layers are all 
displaced to one side rather than resting directly on 
top of the cones. This allows light to pass unimpeded 
to the cones rather than through several layers of 
retina, which aids immensely in the acuity of visual 
perception by this region of the retina. 

The Rods and Cones. Figure 17-3 is a diagram¬ 
matic representation of a photoreceptor (either a rod 
or a cone) though the cones may be distinguished by 
having a conical upper end. In general, the rods are 
narrower and longer than the cones, but this is not 
always the case. In the peripheral portions of the 
retina the rods are 2 to 5 microns in diameter whereas 
the cones are 5 to 8 microns in diameter; in the cen¬ 
tral part of the retina, in the fovea, the cones have a 
diameter of only 1.5 microns. 

To the right in Figure 17-3 are illustrated the four 
major functional segments of either a rod or a cone: 
(1) the outer segment, (2) the inner segment, (3) the 
nucleus, and (4) the synaptic body. It is in the outer 
segment that the light-sensitive photochemical is 
found. In the case of the rods, this is rhodopsin, and 
in the cones it is one of several photochemicals al¬ 
most exactly the same as rhodopsin except for a dif¬ 
ference in spectral sensitivity. The cross-marks in the 
outer segment represent discs formed by infoldings 
of the cell membrane. These act as shelves to which 
the photosensitive pigments are attached. In this 
outer segment the concentration of the photosensi¬ 
tive pigments is approximately 40 per cent. 

The inner segment contains the usual cytoplasm of 
the cell with the usual cytoplasmic organelles. Par¬ 
ticularly important are the mitochondria, for we shall 


see later that the mitochondria in this segment play 
an important role in providing most of the energy for 
function of the photoreceptors. 

The synaptic body is the portion of the rod and 
cone that connects with the subsequent neuronal 
cells, the horizontal and bipolar cells, that represent 
the next stages in the vision chain. 



Figure 17-3. Schematic drawing of the functional parts 
of the rods and cones. (Redrawn from R. Young: General 
Cell Biology.) 
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Figure 17-4 shows in more detail the photorecep¬ 
tor discs in the outer segments of the rods and cones. 
Note especially their attachments to the cell mem¬ 
brane from which they originated. 

Regeneration of Photoreceptors. The inner 
segments of the rods continually synthesize new 
rhodopsin. This in turn migrates to the base of the 
outer segment, where the cell membrane is continu¬ 
ally forming new folds that become the discs of the 
rod and to which the rhodopsin attaches. Several 
new discs are formed each hour, and these migrate 
outward along the rod toward the tip, carrying the 
new rhodopsin with them. When the discs reach the 
top they degenerate and are dissoluted by the pig¬ 
ment epithelium. Thus, the light receptor portion of 
the rod is continually being replaced. 

On the other hand, new disc formation does not 
seem to occur in the cones. However, new visual 
pigment does migrate throughout the outer segment 
and local repair of the disc system does seem to oc¬ 
cur. 

These processes of disc generation and repair are 
probably important to the provision of continually 
viable photoreceptor chemical mechanisms in the 
photoreceptors. 


The Pigment Layer of the Retina. The black 
pigment melanin in the pigment layer, and still more 
melanin in the choroid, prevents light reflection 
throughout the globe of the eyeball, and this is ex¬ 
tremely important for acute vision. This pigment per¬ 
forms the same function in the eye as the black paint 
inside the bellows of a camera. Without it, light rays 
would be reflected in all directions within the eyeball 
and would cause diffuse lighting of the retina rather 
than the contrasts between dark and light spots re¬ 
quired for formation of precise images. 

The importance of melanin in the pigment layer 
and choroid is well illustrated by its absence in al¬ 
binos, persons hereditarily lacking in melanin pig¬ 
ment in all parts of their bodies. When an albino en¬ 
ters a bright area, light that impinges on the retina is 
reflected in all directions by the white surface of the 
unpigmented choroid so that a single discrete spot of 
light that would normally excite only a few rods or 
cones is reflected everywhere and excites many of 
the receptors. Also, a large amount of diffuse light 
enters the eye through the unpigmented iris. Thus, 
the lack of melanin causes the visual acuity of al¬ 
binos, even with the best of optical correction, to be 
rarely better than 20/100 to 20/200. The pigment layer 


Figure 17-4. Membranous structures of the outer segments of a rod (left) and a cone (right). (Courtesy of Dr. Richard 
Young.) 
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also stores large quantities of vitamin A . This vitamin 
A is exchanged back and forth through the mem¬ 
branes of the outer segments of the rods and cones 
which themselves are embedded in the pigment 
layer. We shall see later that vitamin A is an impor¬ 
tant precursor of the photosensitive pigments and 
that this interchange of vitamin A is very important 
for adjustment of the light sensitivity of the recep¬ 
tors. 

The Blood Supply of the Retina—the Retinal 
Arterial System and the Choroid. The nutrient 
blood supply for the inner layers of the retina is de¬ 
rived from the central retinal artery, which enters the 
inside of the eye along with the optic nerve and then 
divides to supply the entire inner retinal surface. 
Thus, to a great extent, the retina has its own blood 
supply independent of the other structures of the eye. 

However, the outer layer of the retina is adherent 
to the choroid, which is a highly vascular tissue be¬ 
tween the retina and the sclera. The outer layers of 
the retina, including the outer segments of the rods 
and cones, depend mainly on diffusion from the 
choroid vessels for their nutrition, especially for their 
oxygen. 

Retinal Detachment. The neural retina occasion¬ 
ally detaches from the pigment epithelium. In a few 
instances the cause of such detachment is injury to 
the eyeball that allows fluid or blood to collect be¬ 
tween the retina and the pigment epithelium, but 
more often it is caused by contracture of fine col¬ 
lagenous fibrils in the vitreous humor, which pull the 
retina unevenly toward the interior of the globe. 

Fortunately, partly because of diffusion across the 
detachment gap and partly because of the indepen¬ 
dent blood supply to the retina through the retinal 
artery, the retina can resist degeneration for a 
number of days and can become functional once 
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Figure 17-5. Photochemistry of the rhodopsin- 
retinene-vitamin A visual cycle. 


again if surgically replaced in its normal relationship 
with the pigment epithelium. But, if not replaced 
soon, the retina finally degenerates and then is unable 
to function even after surgical repair. 


PHOTOCHEMISTRY OF VISION 

Both the rods and cones contain chemicals 
that decompose on exposure to light and, in the 
process, excite the nerve fibers leading from the 
eye. The chemical in the rods is called rhodop- 
sin, and the light-sensitive chemicals in the 
cones have compositions only slightly different 
from that of rhodopsin. 

In the present section we will discuss princi¬ 
pally the photochemistry of rhodopsin, but we 
may apply almost exactly the same principles to 
the photochemistry of the light-sensitive sub¬ 
stances of the cones. 

THE RHODOPSIN-RETINENE 
VISUAL CYCLE, AND 
EXCITATION OF THE RODS 

Rhodopsin and its Decomposition by Light 
Energy. The outer segment of the rod that 
projects into the pigment layer of the retina has 
a concentration of about 40 per cent of the 
light-sensitive pigment called rhodopsin or vis¬ 
ual purple. This substance is a combination of 
the protein scot op sin and the carotenoid pig¬ 
ment retinene. Furthermore, the retinene is a 
particular type called 1 l-cis retinene (also called 
neo-b retinine). This cis form of the retinene is 
important because only this form can combine 
with scotopsin to synthesize rhodopsin. 

When light energy is absorbed by rhodopsin, 
the rhodopsin immediately begins to decom¬ 
pose, as shown in Figure 17-5. The cause of this 
is an instantaneous change of the cis form of 
retinene into an sdl-trans form, which still has 
the same chemical structure as the cis form but 
has a different physical structure—a straight 
molecule rather than a curved molecule. Be¬ 
cause the stereoscopic orientation of the reac¬ 
tive sites of the sdl-trans retinene no longer fit 
with that of the reactive sites on the protein 
scotopsin, it begins to pull away from the 
scotopsin. The immediate product is pre- 
lumirhodopsin, which is a partially split combi¬ 
nation of the aW-trans retinene and scotopsin. 
However, prelumirhodopsin is an extremely 
unstable compound and decays in a small frac¬ 
tion of a second to lumirhodopsin. This decays 
in another fraction of a second to metarhodop- 
sin I, then successively to metarhodopsin II 
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and metarhodopsin III. All of these are loose 
combinations of the 2 i\\-trans retinene and 
scotopsin, but the metarhodopsin III, too, is 
unstable, and it slowly decomposes during the 
next few seconds into completely split prod¬ 
ucts—scotopsin and dW-trans retinene. During 
the process of splitting, the rods are excited, 
and signals are transmitted into the central 
nervous system. 

Reformation of Rhodopsin. The first stage 
in reformation of rhodopsin, as shown in Figure 
17-5, is to reconvert the 2 iW-trans retinene into 
11 -CIS retinene. This process is catalyzed by the 
enzyme retinene isomerase. However, this 
process also requires active metabolism and 
energy transfer to the 11-cis retinene; once the 
ll-c/5 retinene is formed, it automatically re¬ 
combines with the scotopsin to reform rhodop¬ 
sin, an exergonic process (which means that it 
gives off energy). The product, rhodopsin, is a 
stable compound until its decomposition is 
again triggered by absorption of light energy. 

Excitation of the Rods When Rhodopsin 
Decomposes. Although the exact way in 
which rhodopsin decomposition excites the rod 
is still speculative, it is believed to occur in the 
following general way: When the sdl-trans ret¬ 
inene begins to split away from the scotopsin, 
several ionized radicals are momentarily ex¬ 
posed, and these are believed to excite the rod 
in one of several ways. One suggestion has been 
that the instantaneous ionic field of the radicals 
causes changes in the membrane of the rod that 
are responsible for the rod excitation. The phys¬ 
ical construction of the outer segment of the rod 
is compatible with this concept because the cell 
membrane folds inward to form tremendous 
numbers of shelf-like discs lying one on top of 
the other, each one lined on the inside of the 
membrane with aggregates of rhodopsin. This 
extensive relationship between rhodopsin and 
the cell membrane could explain why the rod is 
so exquisitely sensitive to light, being capable 
of detectable excitation following absorption of 
only one quantum of light energy. 

A second theory for excitation of the rod is 
that the momentarily ionized a\\-trans ret- 
inene-scotopsin complex acts as an enzyme to 
promote some yet unspecified chemical reac¬ 
tion in the outer segment of the rod. This reac¬ 
tion in turn supposedly leads to rod excitation. 

Generation of the Receptor Potential. Regard¬ 
less of the precise mechanism by which the 
membrane of the outer segment becomes al¬ 
tered in the presence of decomposing rhodop¬ 
sin, it is known that this excitation process de¬ 


creases the conductance of this membrane for 
sodium ions. It has also been shown that the 
inner segment of the rod continually pumps 
sodium from inside the rod to the outside. 
Based on these two facts, the following theory 
for development of the receptor potential has 
been proposed: 

Figure 17-6 illustrates movement of sodium 
ions in a complete electrical circuit through the 
inner and outer segments of the rod. The inner 
segment continually pumps sodium from inside 
the rod to the outside, thereby creating a nega¬ 
tive potential on the inside of the entire cell. 
However, the membrane of the outer segment 
of the rod, in the unexcited condition, is very 
leaky to sodium. Therefore, sodium continually 
leaks back to the inside of the rod and thereby 



decomposition. 
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neutralizes much of the negativity on the inside 
of the entire cell. Thus, under normal condi¬ 
tions, when the rod is not excited, there is a 
reduced amount of electronegativity inside the 
membrane of the rod. 

When the rhodopsin in the outer segment of 
the rod is exposed to light and begins to decom¬ 
pose, however, this decreases the leakage of 
sodium to the interior of the rod even though 
still more and more sodium continues to be 
pumped out. Thus, a net loss of sodium from 
the rod creates increased negativity inside the 
membrane, and the greater the amount of light 
energy striking the rod, the greater the elec¬ 
tronegativity. This process is called hyper¬ 
polarization. Furthermore, it is exactly oppo¬ 
site to the effect that occurs in almost all other 
sensory receptors in which the degree of 
negativity is generally reduced during stimula¬ 
tion rather than increased, producing a state of 
depolarization rather than hyperpolarization. 

Characteristics of the Receptor Potential. The 
receptor potential has two phases: an instan¬ 
taneous very low voltage phase, the electrical 
potential of which is directly proportional to the 
light energy; and a secondary phase of much 
greater voltage, the potential of which is pro¬ 
portional to the logarithm of the light energy. 
The first potential is believed to result from the 
immediate interaction of light with the rhodop¬ 
sin. The second is believed to result from the 
sodium current mechanism described above. 

This transduction of light energy into a 
logarithmic type of receptor potential seems to 
be an exceedingly important one for function of 
the eye, because it allows the eye to discrimi¬ 
nate light intensities through a range many 
thousand times as great as would otherwise be 
possible. In general, regardless of the original 
light intensity, the eye can detect an increase in 
light intensity when this increase is about 0.5 to 
1 per cent over the intensity already existing, 
which again illustrates a logarithmic type of re¬ 
sponse of the retina. 

Relationship Between Retinene and Vita¬ 
min A. The lower part of the scheme in Figure 
17-5 illustrates that each of the two types of 
retinene can be converted into a corresponding 
type of vitamin A, and in turn the two types of 
vitamin A can be reconverted into the two types 
of retinene. Thus, the two retinenes are in 
equilibrium with vitamin A. Most of the vitamin 
A of the retina is stored in the pigment layer of 
the retina rather than in the rods themselves, 
but this vitamin A is readily available to the 
rods. 


Retinene is formed from vitamin A by dehy¬ 
drogenation in accordance with the following 
reaction: 

Alcohol dehydrogenase 
-^ 

C 19 H 27 CH 2 OH + DPN+ <- 

Vitamin A 

C 19 H 27 CHO + DPNH + H+ 

Retinene 

The equilibrium of this equation is strongly in 
favor of vitamin A. Therefore, vitamin A con¬ 
centration is normally far greater than free ret¬ 
inene concentration in the retina. 

Another important feature of the conversion 
of retinene into vitamin A, or the converse con¬ 
version of vitamin A into retinene, is that these 
processes require a much longer time to ap¬ 
proach equilibrium than it takes for conversion 
of retinene and scotopsin into rhodopsin, or for 
conversion (under the influence of strong light 
energy) of rhodopsin into retinene and scotop¬ 
sin. Therefore, all the reactions of the upper 
part of Figure 17-5 can take place relatively 
rapidly in comparison with the slow intercon¬ 
versions between retinene and vitamin A. 

Yet, if the retina remains exposed to strong 
light for a long time, most of the stored rhodop¬ 
sin will eventually be converted into retinene 
and then into vitamin A, thereby decreasing the 
concentration of all the photochemicals in the 
rods much more than would be true were it not 
for this subsequent interconversion from ret¬ 
inene to vitamin A. 

Conversely, during total darkness, essentially 
all the retinene in the rods becomes converted 
into rhodopsin, thereby reducing the concentra¬ 
tion of retinene almost to zero. This then allows 
much of the vitamin A to be converted into ret¬ 
inene, which also becomes rhodopsin within 
another few minutes. Thus, in complete dark¬ 
ness not only is almost all the retinene of the 
rods converted into rhodopsin but also much of 
the vitamin A stored in the pigment layer of the 
retina is absorbed by the rods and also con¬ 
verted into rhodopsin. 

Night Blindness. Night blindness occurs in severe 
vitamin A deficiency. When the total quantity of vi¬ 
tamin A in the blood becomes greatly reduced, the 
quantities of vitamin A, retinene, and rhodopsin in 
the rods, as well as the color photosensitive chemi¬ 
cals in the cones, are all depressed, thus decreasing 
the sensitivities of the rods and cones. This condition 
is called night blindness because at night the amount 
of available light is far too little to permit adequate 
vision, though in daylight, sufficient light is available 
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to excite the rods and cones despite their reduction in 
photochemical substances. 

For night blindness to occur, a person often must 
remain on a vitamin A deficient diet for weeks or 
months, because large quantities of vitamin A are 
normally stored in the liver and are made available to 
the rest of the body in times of need. However, once 
night blindness does develop it can sometimes be 
completely cured in a half hour or more by intrave¬ 
nous injection of vitamin A. This results from the 
ready conversion of vitamin A into retinene and 
thence into rhodopsin. 

PHOTOCHEMISTRY OF COLOR VISION 
BY THE CONES 

It was pointed out at the outset of this discus¬ 
sion that the photochemicals in the cones have 
almost exactly the same chemical compositions 
as rhodopsin in the rods. The only difference is 
that the protein portions, the opsins, called 
photopsins in the cones, are different from the 
scotopsin of the rods. The retinene portions are 
exactly the same in the cones as in the rods. The 
color-sensitive pigments of the cones, there¬ 
fore, are combinations of retinene and photop¬ 
sins. 

In the discussion of color vision later in the 
chapter, it will become evident that three differ¬ 
ent types of pigments are present in different 
cones, thus making these cones selectively sen¬ 
sitive to the different colors, blue, green, and 
red. The absorption characteristics of the pig¬ 
ments in the three types of cones show peak 
absorbancies at light wavelengths, respectively, 
of 430, 535, and 575 millimicrons. These are 
also the wavelengths for peak light sensitivity 
for each type of cone, which begins to explain 
how the retina differentiates the colors. The ap¬ 
proximate absorption curves for these three 
pigments are shown in Figure 17-7. The peak 
absorption for the rhodopsin of the rods, on the 
other hand, occurs at 505 millimicrons. 

Note that the peak absorption of the so-called 
“red” cone is actually in the orange color band. 
It is called the “red” cone because it responds 
to red more intensely than do any of the other 
cones. 

AUTOMATIC REGULATION OF 
RETINAL SENSITIVITY—DARK 
AND LIGHT ADAPTATION 

Relationship of Sensitivity to Pigment Con¬ 
centration. The sensitivity of rods is approx¬ 
imately proportional to the antilogarithm of the 
rhodopsin concentration, and it is assumed that 



Figure 17-7. Light absorption by the respective pig¬ 
ments of the three color receptive cones of the human 
retina. (Drawn from curves recorded by Marks, Dobelle, 
and MacNichol, Jr.: Science, 143:1181, 1964, and by 
Brown and Wald: Science, 144:45, 1964.) 

this relationship also holds true in the cones. 
This means that a minute decrease in rhodopsin 
reduces the sensitivity of rods tremendously. 
For instance, the sensitivity of a rod is reduced 
about 8.5 times when its concentration of 
rhodopsin is reduced from maximum by only 
0.006 per cent, and the sensitivity decreases 
over 3000 times when the rhodopsin concentra¬ 
tion is reduced 0.6 per cent. This antilog effect 
is postulated to result from the fact that the first 
rhodopsin to be decomposed on exposure to 
light lies near the surface of the membrane discs 
in the rod. After this portion has decomposed, 
far greater decomposition of the deeper layers 
of rhodopsin is required to excite the rods. 

In summary, the sensitivity of the rods and 
cones can be altered up or down tremendously 
by only slight changes in concentrations of the 
photosensitive chemicals. 

Light and Dark Adaptation. If a person 
has been in bright light for a long time, large 
proportions of the photochemicals in both the 
rods and cones have been reduced to retinene 
and opsins. Furthermore, most of the retinene 
of both the rods and cones has been converted 
into vitamin A. Because of these two effects, 
the concentrations of the photosensitive chemi¬ 
cals are considerably reduced, and the sensitiv¬ 
ity of the eye to light is even more reduced. 
This is called light adaptation. 

On the other hand, if the person remains in 
the darkness for a long time, essentially all the 
retinene and opsins in the rods and cones be¬ 
come converted into light-sensitive pigments. 
Furthermore, large amounts of vitamin A are 
converted into retinene, which is then changed 
into additional light-sensitive pigments, the final 
limit being determined by the amount of opsins 
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in the rods and cones. Because of these two 
effects, the visual receptors gradually become 
so sensitive that even the minutest amount of 
light causes excitation. This is called dark adap¬ 
tation. 

Figure 17-8 illustrates the course of dark 
adaptation when a person is exposed to total 
darkness after having been exposed to bright 
light for several hours. Note that retinal sen¬ 
sitivity is very low when one first enters the 
darkness, but within 1 minute the sensitivity has 
increased 10-fold—that is, the retina can re¬ 
spond to light of one-tenth intensity. At the end 
of 20 minutes the sensitivity has increased 
about 6000-fold, and at the end of 40 minutes it 
has increased about 25,000-fold. 

The resulting curve of Figure 17-8 is called 
the dark adaptation curve. Note, however, the 
inflection in the curve. The early portion of the 
curve is caused by adaptation of the cones, for 
these adapt much more rapidly than the rods 
because of a basic difference in the rate at 
which they resynthesize their photosensitive 
pigments. On the other hand, the cones do not 
achieve anywhere near the same degree of sen¬ 
sitivity as the rods. Therefore, despite rapid 
adaptation by the cones, they cease adapting 
after only a few minutes, while the slowly 
adapting rods continue to adapt for many min¬ 
utes or even hours, their sensitivity increasing 
tremendously. However, a large share of the 
greater sensitivity of the rods is caused by con¬ 
vergence of as many as 100 rods onto a single 
ganglion cell in the retina; these rods summate 
to increase their sensitivity, as will be discussed 
in the following chapter. 



Figure 17-8. Dark adaptation, illustrating the relation¬ 
ship of cone adaptation to rod adaptation. 



Figure 17-9. Dark and light adaptation. (The retina is 
considered to have a sensitivity of 1 when maximally 
light-adapted.) 


Figure 17-9 illustrates dark adaptation, but in this 
figure it is shown that the rate of dark adaptation 
differs depending on the previous degree of exposure 
of the retina to light. Curve number 1 shows the dark 
adaptation after a person had been in bright light for 
approximately 20 minutes, curve number 2 shows the 
rate after he had been in bright light for only a minute 
or so, and curve number 3 after he had been in bright 
light for many hours. Note that the eye exposed to 
bright light for a long time adapts slowly in compari¬ 
son with the eye that has been in bright light for only 
a few minutes. The cause of this difference is proba¬ 
bly the slowness of the interconversions between vi¬ 
tamin A and retinene, particularly the necessity for 
vitamin A to be absorbed into the rods and cones 
from the pigment layer of the retina. The eye that has 
remained in bright light for only a minute or so has 
not converted significant quantities of its retinene 
into vitamin A. Therefore, this eye can resynthesize 
its photosensitive pigments in a short time. Con¬ 
versely, the eye that has been exposed to prolonged 
bright light will have had time to convert most of its 
retinene into vitamin A, and since the reconversion 
from vitamin A to retinene is very slow, dark adapta¬ 
tion of the eye also is slow. 

To the right in Figure 17-9 is shown a typical light 
adaptation curve, illustrating that light adaptation 
occurs much more rapidly than dark adaptation. 
Also, the slow component caused by retinene- 
vitamin A interconversion does not play as promi¬ 
nent a role in light adaptation as in dark adaptation. 
Therefore, a person exposed to extremely bright light 
after having been in prolonged darkness becomes ad¬ 
justed to the new light conditions in only a few min¬ 
utes. This is in contrast to dark adaptation, which 
requires 10 to 20 minutes for moderate adaptation 
and 10 to 18 hours for maximal adaptation. 

Other Mechanisms of Light and Dark Adapta¬ 
tion. In addition to adaptation caused by changes in 
concentrations of rhodopsin or color photochemi¬ 
cals, the eye has two other mechanisms for light and 
dark adaptation. The first of these is the change in 
pupillary size, which was discussed in the previous 
chapter. This can cause a degree of adaptation by 
approximately 20- to 30-fold because of changes in 
the light allowed through the pupillary opening. 
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The other mechanism is neural adaptation, involv¬ 
ing the neurons in the successive stages of the visual 
chain in the retina itself. That is, when the light inten¬ 
sity first increases, the intensity of the signals trans¬ 
mitted by the bipolar cells, the horizontal cells, the 
amacrine cells, and the ganglion cells, are all very 
intense. However, the intensities of these signals all 
decrease rapidly with time. Although the degree of 
this adaptation is only a few-fold rather than the 
many thousand-fold that occurs during adaptation of 
the photochemical system, this neural adaptation oc¬ 
curs in seconds in contrast to the many minutes re¬ 
quired for full adaptation by the photochemicals. 

Value of Light and Dark Adaptation in Vi¬ 
sion. Between the limits of maximal dark 
adaptation and maximal light adaptation, the 
eye can change its sensitivity to light by as 
much as 500,000 to 1,000,000 times, the sen¬ 
sitivity automatically adjusting to changes in il¬ 
lumination. 

Since the registration of images by the retina 
requires detection of both dark and light spots 
in the image, it is essential that the sensitivity of 
the retina always be adjusted so that the recep¬ 
tors respond to the lighter areas and not to the 
darker areas. An example of maladjustment of 
the retina occurs when a person leaves a movie 
theater and enters the bright sunlight, for even 
the dark spots in the images then seem exceed¬ 
ingly bright, and, as a consequence, the entire 
visual image is bleached, having little contrast 
between its different parts. Obviously, this is 
poor vision, and it remains poor until the retina 
has adapted sufficiently that the dark spots of 
the image no longer stimulate the receptors ex¬ 
cessively. 

Conversely, when a person enters darkness, 
the sensitivity of the retina is usually so slight 
that even the light spots in the image cannot 
excite the retina. But, after dark adaptation, the 
light spots begin to register. As an example of 
the extremes of light and dark adaptation, the 
light intensity of the sun is approximately 
30,000 times that of the moon; yet the eye can 
function well both in bright sunlight and in 
bright moonlight. 

Negative After-Images. If one looks steadily at a 
scene for a while, the bright portions of the image 
cause light adaptation of the retina while the dark 
portions of the image cause dark adaptation. In other 
words, areas of the retina that are stimulated by light 
become less sensitive while areas that are exposed 
only to darkness gain in sensitivity. If the person then 
moves his eyes away from the scene and looks at a 
bright white surface he sees exactly the same scene 
that he had been viewing, but the light areas of the 
scene now appear dark, and the dark areas appear 
light. This is known as the negative after-image, and 


it is a natural consequence of light and dark adapta¬ 
tion. 

The negative after-image persists as long as any 
degree of light and dark adaptation remains in the 
respective portions of the retina. Referring back to 
Figure 17-9, one can see from the dark adaptation 
curves that a negative after-image could possibly 
persist as long as an hour under favorable conditions. 

Photopic versus Scotopic Vision. Photopic 
vision means vision capable of discriminating 
color, whereas scotopic vision means vision 
capable of discriminating only between shades 
of black and white. In bright light one finds that 
his vision is photopic, whereas below a critical 
light intensity his vision is scotopic. The rea¬ 
sons for this difference is the following: In very 
dim light, only rods are capable of becoming 
dark-adapted to a sensitivity level required for 
light detection. Therefore, in dim light the retina 
is capable only of scotopic vision. On the other 
hand, in very bright light, the rods become 
light-adapted to the point that they either be¬ 
come inoperative or overshadowed by the sig¬ 
nals from the cones; in contrast, the cones find 
bright light especially suitable for optimal func¬ 
tion. Some physiologists believe that the cones 
in bright light inhibit rod function by transmit¬ 
ting inhibiting signals through the horizontal 
cells to the synaptic bodies of the rods. At any 
rate, in bright light, function of the retina ap¬ 
pears to be based almost entirely on cone detec¬ 
tion of the light signals. 

FUSION OF FLICKERING LIGHTS 
BY THE RETINA 

A flickering light is one whose intensity alter¬ 
nately increases and decreases rapidly. An in¬ 
stantaneous flash of light excites the visual re¬ 
ceptors for as long as Vio to V 5 second, and be¬ 
cause of the persistence of excitation, rapidly 
successive flashes of light become fused to¬ 
gether to give the appearance of being continu¬ 
ous. This effect is well known when one ob¬ 
serves motion pictures or television. The im¬ 
ages on the motion picture screen are flashed at 
a rate of 24 frames per second, while those of 
the television screen are flashed at a rate of 60 
frames per second. As a result, the images fuse 
together, and continuous motion is observed. 

The frequency at which flicker fusion occurs, 
called the critical frequency for fusion, varies 
with the light intensity. Figure 17-10 illustrates 
the effect of intensity of illumination on the crit¬ 
ical fusion frequency. At a low intensity, fusion 
results even when the rate of flicker is as low as 
2 to 6 per second. However, in bright illumina- 
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Figure 17-10. Relationship of intensity of illumination 
to the critical frequency for fusion. 


tion, the critical frequency for fusion rises to as 
great as 60 flashes per second. This difference 
results at least partly from the fact that the 
cones, which operate mainly at high levels of 
illumination, can detect much more rapid altera¬ 
tions in illumination than can the rods, which 
are the important receptors in dim light. 


COLOR VISION 

From the preceding sections, we know that 
different cones are sensitive to different colors 
of light. The present section is a discussion of 
the mechanisms by which the retina detects the 
different gradations of color in the visual spec¬ 
trum. 

THE TRI-COLOR THEORY OF COLOR 
PERCEPTION 

Many different theories have been proposed 
to explain the phenomenon of color vision, but 
they are all based on the well-known observa¬ 
tion that the human eye can detect almost all 
gradations of colors when red, green, and blue 
monochromatic lights are appropriately mixed 
in different combinations. 

The first important theory of color vision was 
that of Young, which was later expanded and 
given more experimental basis by Helmholtz. 
Therefore, the theory is known as the Young- 
Helmholtz theory. According to this theory, 
there are three different types of cones, each of 
which responds maximally to a different color. 


As time has gone by, the Young-Helmholtz 
theory has been expanded, and more details 
have been worked out. It now is generally ac¬ 
cepted as the mechanism of color vision. 

Spectral Sensitivities of the Three Types of 
Cones. On the basis of psychological tests, the 
spectral sensitivities of the three different types 
of cones in human beings are essentially the 
same as the light absorption curves for the three 
types of pigment found in the respective cones. 
These were illustrated in Figure 17-7, and they 
can readily explain almost all the phenomena of 
color vision. 

Interpretation of Color in the Nervous Sys¬ 
tem. Referring again to Figure 17-7, one can 
see that a red monochromatic light with a 
wavelength of 610 millimicrons stimulates the 
red cones to a stimulus value of approximately 
0.75 (75 per cent of the peak stimulation at op¬ 
timum wavelength), while it stimulates the 
green cones to a stimulus value of approxi¬ 
mately 0.13 and the blue cones not at all. Thus, 
the ratios of stimulation of the three different 
types of cones in this instance are 75:13:0. The 
nervous system interprets this set of ratios as 
the sensation of red. On the other hand, a 
monochromatic blue light with a wavelength of 
450 millimicrons stimulates the red cones to a 
stimulus value of 0, the green cones to a value 
of 0.14 and the blue cones to a value of 0.86. 
This set of ratios—0:14:86—is interpreted by 
the nervous system as blue. Likewise, ratios of 
100:50:0 are interpreted as orange-yellow and 
50:85:15 as green. 

This scheme also shows how it is possible for 
a person to perceive a sensation of yellow when 
a red light and a green light are shone into the 
eye at the same time, for this stimulates the red 
and green cones approximately equally, which 
gives a sensation of yellow even though no 
wavelength of light corresponding to yellow is 
present. 

Perception of White Light. Approximately 
equal stimulation of all the red, green, and blue 
cones gives one the sensation of seeing white. 
Yet there is no wavelength of light correspond¬ 
ing to white; instead, white is a combination of 
all the wavelengths of the spectrum. Further¬ 
more, the sensation of white can be achieved by 
stimulating the retina with a proper combination 
of only three chosen colors that stimulate the 
respective types of cones. 

Integration of Color Sensations by the Ret¬ 
ina and the Brain. From psychological 
studies, we know that the interpretation of color 
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Figure 17-11. Two Ishihara charts: Upper; In this chart, the normal person reads “74,” whereas the red-green color 
blind person reads “21.” Lower: In this chart, the red-blind person (protanope) reads “2,” while the green-blind person 
(deuteranope) reads “4.” The normal person reads “42.” (From Ishihara; Tests for Colour-Blindness. Tokyo, Kanehara 
and Co.) 


254 


THE SPECIAL SENSES 


is performed partly by the retina and partly by 
the brain. If a person places a monochromatic 
green filter in front of his left eye and a mono¬ 
chromatic red filter in front of his right eye the 
visual object appears mainly yellow. This inte¬ 
gration of color sensations obviously could not 
be occurring in the retina because one retina is 
allowed to respond only to green light and the 
other only to red light. However, sensations 
perceived in this way are not as clearly mixed as 
those perceived when the two monochromatic 
lights are mixed in the same retina. Therefore, 
at least some degree of the interpretation of 
color occurs in the retina itself even before the 
light information is transmitted into the brain. 
Some of the known features of color signal 
processing in the neuronal cells of the retina will 
be presented in the following chapter. 

COLOR BLINDNESS 

Red-Green Color Blindness. When a single 
group of color receptive cones is missing from the 
eye, the person is unable to distinguish some colors 
from others. As can be observed by studying Figure 
17-7, if the red cones are missing, light of 525 to 625 
millimicrons wavelength can stimulate only the 
green-sensitive cones, so that the ratio of stimulation 
of the different cones does not change as the color 
changes from green all the way through the red spec¬ 
trum. Therefore, within this wavelength range, all 
colors appear to be the same to this “color blind” 
person. 

On the other hand, if the green-sensitive cones are 
missing, the colors in the range from green to red can 
stimulate only the red-sensitive cones, and the per¬ 
son also perceives only one color within these limits. 
Therefore, when a person lacks either the red or 
green types of cones, he is said to be “red-green” 
color blind. However, when one or more types of 
cones are abnormal but still function partially, a per¬ 
son has “color weakness,” instead of color blind¬ 
ness. 

The person with loss of red cones is called a pro- 
tanope; his overall visual spectrum is noticeably 
shortened at the long wavelength end because of lack 
of the red cones. The color blind person who lacks 
green cones is called adenteranope; this person has a 
perfectly normal visual spectral width because the 
absent green cones operate in the middle of the spec¬ 
trum where red or blue cones also operate. 

Blue Weakness. Occasionally, a person has 
“blue weakness,” which results from diminished or 
absent blue receptors. If we observe Figure 17-7 
once again, we can see that the blue cones are sensi¬ 
tive to a spectral range almost entirely different from 
that of both the red and green cones. Therefore, if the 
blue receptors are completely absent, the person has 
a greater preponderance of green, yellow, orange, 


and red in his visual spectimm than he has of blue, 
thus producing this rarely observed type of color 
weakness or blindness. 

Tests for Color Blindness. Tests for color blind¬ 
ness depend on the person’s ability to distinguish var¬ 
ious colors from each other and also on his ability to 
judge correctly the degree of contrast between col¬ 
ors. For instance, to determine whether or not a per¬ 
son is red-green color blind, he may be given many 
small tufts of wool whose colors encompass the en¬ 
tire visual spectrum. He is then asked to place those 
tufts that have the same colors in the same piles. If he 
is not color blind, he recognizes immediately that all 
the tufts have slightly different colors; however, if he 
is red-green color blind, he places the red, orange, 
yellow, and yellow-green colors all together as hav¬ 
ing essentially the same color. 

Stilling and Ishihara Test Charts. A rapid method 
for determining color blindness is based on the use of 
spot-charts such as those illustrated in Figure 17-11. 
These charts are arranged with a confusion of spots 
of several different colors. In the top chart, the nor¬ 
mal person reads “74,” while the red-green color 
blind person reads “21.” In the bottom chart, the 
normal person reads “42,” while the red blind pro- 
tanope reads “2,” and the green blind deuteranope 
reads “4.” 

If one will study these charts while at the same 
time observing the spectral sensitivity curves of the 
different cones in Figure 17-7, he can readily under¬ 
stand how excessive emphasis can be placed on spots 
of certain colors by color blind persons in compari¬ 
son with normal persons. 

Genetics of Color Blindness. Color blindness is 
sex-linked and probably results from absence of ap¬ 
propriate color genes in the X chromosomes. This 
lack of color genes is a recessive trait; therefore, 
color blindness will not appear as long as another X 
chromosome carries the genes necessary for de¬ 
velopment of the respective color-receptive cones. 

Because the male human being has only one X 
chromosome, all three color genes must be present in 
this single chromosome if he is not to be color blind. 
In approximately 1 out of every 50 times, the X 
chromosome lacks the red gene; in approximately 1 
out of every 16 it lacks the green gene; and rarely it 
lacks the blue gene. This means, therefore, that 2 per 
cent of all men are red color blind (protanopes) and 
that 6 per cent are green color blind (deuteranopes), 
making a total of approximately 8 per cent who are 
red-green color blind. Because a female has two X 
chromosomes, red-green color blindness is a rare ab¬ 
normality in the female, occurring in only 1 out or 
every 250 women. 
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The Eye: 

in. Neurophysiology of Vision 


THE VISUAL PATHWAY 

Figure 18-1 illustrates the visual pathway 
from the two retinae back to the visual cortex. 
After impulses leave the retinae they pass 
backward through the optic nerves. At the ovtic 
chiasm all the, fibers from the opposite nasal 

halves of the retinae cross to the side where 

they join thp. -fih^rg frr>iy| the onnosite temporal 

retinae to form the ovtic tracts. The fibers of 

each optic tract svnanse in the lateral genicu¬ 
late and from here, the geniculocalcarine 
fibers pass through the optic radiation, or 
geniculocalcarine tract, to the optic or visual 
cortex in the calcarine area of the occipital lobe. 

In addition, visual fibers pass to lower areas 
of the brain: (1) from the lateral geniculate body 
to the lateral thalamus, the superior colliculi, 
and the pretectal nuclei; (2) from the optic tracts 
directly to the superior colliculi; and (3) from 
the optic tracts directly into the pretectal nuclei 
of the brain stem. 


NEURAL FUNCTION OF THE 
RETINA 

NEURAL ORGANIZATION OF THE 
RETINA 

The detailed anatomy of the retina was illus¬ 
trated in Figure 17-1 of the preceding chapter, 
and Figure 18-2 illustrates the basic essentials 
of the retina’s neural connections; to the left is 
the general organization of the neural elements 
in a peripheral retinal area and to the right the 


organization of the foveal area. Note that in the 
Derinheral region both rods and cones converge 
on bip olar cells whic h in turn converge on 

ganglion cells. In the fovea, where only cones 

exist, t here is little or no convergence; instead, 

the cones are represented by apnroximately 
equal numbers of bipolar and ganglion cells. 

Not emphasized in the figure is the fact that in 
both the outer and inner plexiform layers 
(where the neurons synapse with each other) 
there are many lateral connections between the 
different neural elements. Many of these lateral 


Lateral geniculate body 



Figure 18-1. The visual pathways from the eyes to the 
visual cortex. (Modified from Polyak: The Retina. Univer¬ 
sity of Chicago Press, 1941.) 
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Pigment layer 



_4- .Amacrine 

cells 

^-Ganglion" 
cells 


Figure 18-2. Neural organization of the retina: periph¬ 
eral area to the left, foveal area to the right. 


connections are collateral branches of the den¬ 
drites and axons of the bipolar and ganglion 
cells. But, in addition, two special types of cells 
are present in the inner nuclear layer that 
transmits signals laterally: OUthe horizontal 
an d (2^ the amacrine cells. 

Each retina contains about 125 million rods 
and 5.5 million cones; yet, as counted with the 
light microscope, only 900,000 optic nerve 
fibers lead from the retina to the brain. Thus, an 
average of 140 rods plus 6 cones converge on 
each optic nerve fiber. However, there are 
major differences between the peripheral retina 
and the central retina, for nearer the fovea, 
fewer and fewer rods and cones converge on 
each optic fiber, and the rods and cones both 
become slenderer. These two effects nrogres - 
^jyp1y_inrrp£L<;p the piciutv o f vision to ward the 

central retina. In the very central portion, in the 
fovea, there are no rods at all. Also, the number 
of optic nerve fibers leading from this part of the 
retina is almost equal to the number of cones in 
the fovea, as shown to the right in Figure 18-2. 
This mainly explains the high degree of visua l 
acuity in the central portion of the retina in 
c omparison with the very poor acuity in the 
peripheral portions. . 

Another difference between the peripheral 

a nd central portions of the retina is that there is 

'^nsiderablv greater sensitivity of the_ pe¬ 

ripheral retina to weak light. This results partly 
from the fact that as many as 600 rods converge 
on the same optic nerve fiber in the most 


peripheral portions of the retina; the signals 
from these rods summate to give intense stimu¬ 
lation of the peripheral ganglion cells. The rods 
are also more sensitive to weak light than are 
the cones. 

STIMULATION OF THE RODS AND 
CONES—THE RECEPTOR POTENTIAL 

Stimulation of the rods and cones was dis¬ 
cussed at length in the preceding chapter. 
Briefly, when light strikes either of these recep- 
t ors, it decomposes a pPotochemical that in turiT 

acts on the membrane_Qf the. nutPr ^sppmpnt ^ 

the receptor (the part that protrudes into the 

^Pigment layer) to cause_a sustained rprppt^T^ 

tential that lasts as long as the li^ht continues. 

However, as pointed out in the previous chap- 

ter, ^his receptor potential is different from a ll 
other receptor potentials that have been re- 
c^orded, for it is _aJhvperpolarizatioii signal 
father than a depoiarization signal, and its in¬ 

tensity is proportional to the logarithm of ligl^ 
energy in contrast to the more linear response 

ot many other receptors. This logarithmic re- 

"^ponse seems to be very important to vision, 
because it pillows the eves t o Hptprt in 

the image even when light intensities, vary many 
thousand-fold, an effect that would not be pos- 
Hble if t he re were linear transduction ot the sig¬ 

nal. 

Receptor potentials are transmitted un¬ 
changed through the bodies of the rods and 
cones. Neither the rods nor the cones generate 
action potentials. Instead, the receptor poten¬ 
tials themselves, acting at the synaptic bodies, 
induce signals directly in the successive 

neurons py eiectrotomc current tlo y/ 

gynaptic gaps. 


STIMULATION OF THE BIPOLAR AND 
HORIZONTAL CELLS 


The synaptic bodies of the rods and cones 
make intimate contact with the dendrites of 
both the bipolar and horizontal cells. The 


hyperpolarization that occurs in the rods and 
cones during stimulation (the receptor poten¬ 
tial) IS tran sferred directly to bot h the bipolar 
and the horizontal cells. Also, the excitation 
signal summates in both these celN* th:^t is. th^ 



Furthermore, in both the bipolar and the hori¬ 
zontal cells the transmitted signals are the 
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hyperpolarization potentials themselves—not 
action potentials. Indeed, action potentials have 
never been recorded from horizontal cells and 
only under rare conditions have they been re¬ 
corded in bipolar cells. Therefore, it is doubtful 
that any part of the normal physiological visua l 

s ignal is transmitted in the form of action poten ¬ 

tials by eitner oi inese two types of cells. 

Function of the Bipolar Cells. The bipolar 
cells are the main transmitting link for the visual 
signal from the rods and cones to the ganglion 
cells. In the foveal region of the eye, the region 
of greatest visual acuity, there is approximately 
one bipolar cell for each cone, and also approx¬ 
imately one ganglion cell. In the peripheral re¬ 
gion several cones converge on a single gan¬ 
glion cell, and as many as several hundred rods 
converge. Thus, the nerinheral retina is prop ¬ 
erly organized for great retinal sensitivitv_t o 
very low light intensities, whereas the centra l 
retina (the foveal region! is organized for 
greatest possible visual acuity and faithfulnes.s 
"of transmission of the signalsJnto the hraTir 

The bipolar cells are entirely excitatory cells. 
That is, they can only excite the ganglion cells. 

Function of the Horizontal Cells. The 
horizontal cells lie in the inner nuclear layer and 
spread widely in the retina, transmitting signals 
laterally as far as several hundred microns. 
T hey are excited d irectl y by the synaptic bodies 
of the rods an d cones and in turn transmit sig¬ 
nals maimy to Dipolar cells locaie d m areas lat¬ 
eral to the excited rods and cones"" 

The horizont al cells arGlinhibitory cells I in 
contrast to thej hi polar cell? , which are of an 
/excitatory naturej Therefore, the signals trans- 
mitted by the horizontal cells from the excited 
rods and cones cause inhibition of the bipolar 
cells lateral to the excited point in the retina. 
That is, excited rods and cones transmit ex¬ 
citatory signals in a direct line through the bipo¬ 
lar cells in the area of excitation but transmit 
inhibitory signals through the surrounding bipo¬ 
lar cells. 

The horizontal cells are of maior importance 
for enhancing and helping to delddl COhFTa'sts itT 
the visual scene. They are probably also of im¬ 
portance in helping to differentiate colors . Both 
of these functions will be disensed m sub¬ 
sequent sections of this chapter. 

Stimulation and Function of the Amacrine 
Cells. The amacrine cells, also located in the 
inner nuclear layer, are excited mainly by the 
bipolar cells but possibly also directly by the 
synaptic b odies of the rods and cones. These 
cells in im^inhibit jhe ganglion cellsTHowever, 


their response is a transient one rather than the 
steady, continuous response of the bipolar and 
horizontal cells. That is, when the photorecep ¬ 
tors are first stimulated, the inhibitory signa l 
transmitted by the amacrine cells is very in ¬ 

tense: this signal dies away to almost nothin gTn 
*a fraction of a second. ~ 

Two other ditterences between the amacrine 
cells and the bipolar and horizontal cells are 
that (1) the signal of the amacrine cells is a de- 
polarization signal ratner man a nyperpoiariza- 

Tion signal, and (2) the amacrine cells transmit 

their signals to tne ganglion ceils m two dlffeY- 

^ nt ways—either as a simple electrotonic de¬ 

polarization of as occasional ?ir,tion potentials 
that occur at the onset of the initial depolariza- 
tion^ -- - 

STIMULATION OF THE GANGLION 
CELLS 

Spontaneous, Continuous Discharge of the 
Ganglion Cells. The ganglion cells transmit 
their signals through the optic nerve fibers to 
the brain in the form of action potentials. These 
cells, even when unstimulated, transmit con¬ 
tinuous nerve impulses at an average rate of 
about 5 per second. The visual signal is 
superimposed onto this basic level of ganglion 
cell stimulation. It can be either an e xcitatory 
signal, with the number of impulses increasing 
tt) greater than ^ per second, or it can be an^ 

Tnhibitorv signal, with the-numbe^^of nerve im-^ 

p^^e^ derreasina tp ^ 

alTthe way to zer o. 

' Summation oi me Ganglion Cells by Sig¬ 
nals from the Bipolar Cells, the Horizontal 
Cells, and the Amacrine Cells. The bipolar 
cells transmit the main direct excitatory infor¬ 
mation from the rods and the cones to the 
ganglion cells: the horizontal cells transmit in¬ 
hibitory information from laterally displaced 
rods and cones; the amacrine cells transmit di¬ 
rect but short-lived transient signals that signal 
a change in the level of illumination of the ret¬ 
ina. Thus, each of these three types of cells per¬ 
forms a separate function in stimulating the 
^ga nglion cells. 

DIFFERENT TYPES OF SIGNALS 
TRANSMITTED BY THE GANGLION 
CELLS THROUGH THE OPTIC NERVE 

Transmission of Luminosity Signals. The 

ganglion cells are of several different types, and 
they also have different patterns of stimulation 
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by the bipolar, horizontal, and amacrine cells. 
Some of the ganglion cells respond to the inten¬ 
sity {luminosity) of the light falling on the photo¬ 
receptors. The rate of impulses from these cells 
remains at a level greater than the natural rate 
of firing as long as the luminosity is high. It is 
the signals from these cells that apprise the 
brain of the overall level of light intensity of the 
observed scene. The light and dark flat areas of 
the scene are also transmitted in this way, but 
far more information concerning the form of the 
scene is generally transmitted in terms of con¬ 
trast borders, as will be discussed below. 

Transmission of Signals Depicting Con¬ 
trasts in the Visual Scene—the Process of Lat¬ 
eral Inhibition. A large share of the ganglion 
cells barely respond to the actual level of il¬ 
lumination of the scene; instead they respond 
only to contrast borders in the scene. Since it 
seems that this is the major means by which the 
form of the scene is transmitted to the brain, let 
us explain how this process occurs. 

When flat light is applied to the entire 
retina—^that is, when all the photoreceptors are 
stimulated equally by the incident light— the 
contrast type of ganglion cell is neither stimu¬ 
lated nor inhibited. The reason for this is that 
t he signals transmitted directly fr om tHe photO^ 

receptors through the bipolar cells are excita¬ 

tory. whereas the signals transmitted trom l at¬ 
erally displaced photoreceptors through t he 
horizontal cells are inhibitor y. Ihese two ef- 
tects neutralize each other. Now, let us 
examine what happens when a contrast border 
occurs in the visual scene. Figure 18-3 shows a 
spot of light shining on the retina and exciting 



Figure 18-3. Excitation and inhibition of a retinal area 
caused by a small beam of light. 


on off 



Lateral Inhibition 


Figure 18-4. Responses of ganglion cells to light in (1) 
an area excited by a spot of light and (2) an area im¬ 
mediately adjacent to the excited spot; the ganglion cells 
in this area are inhibited by the mechanism of lateral in¬ 
hibition. (Modified from Granit: Receptors and Sensory 
Perception: A Discussion of Aims, Means, and Results of 
Electrophysiological Research into the Process of Recep¬ 
tion. Yale University Press, 1955.) 

the photoreceptors. The signal is transmitted di¬ 
rectly through the bipolar cells and thence to 
the ganglion cells in the same area to cause exci¬ 
tation. At the same time these same excited 
photoreceptors transmit lateral inhibitory sig¬ 
nals through the horizontal cells to the sur¬ 
rounding bipolar and ganglion cells. Thus, when 
there is a contrast border, with stimulated 
photoreceptors on one side of the border and 
unstimulated photoreceptors on the opposite 
side of the border, the mutual cancellation of 
the excitatory signals through the bipolar cells 
and the inhibitory signals through the horizontal 
cells no longer occurs. Consequently, the gan ¬ 
glion cells on either side of this border become 
^ither excited or inhibited—excited on the light 
side of the border ana mnipited on the dgrk 

side . 

A linear contrast border acts in almost identi¬ 
cally the same way as does a spot of light; all of 
the ganglion cells on the light side of the border 
are stimulated and all the dark side are inhib¬ 
ited. On the other hand, all of the contrast type 
of ganglion cells that lie in the flatly illuminated 
portion of the scene still remain unstimulated. 

This process of contrasting an excitatory sig- 

naLwith an inhibitory signal is exactly the same 

as the process oilateral mnwition tnat occurs in 

most other types of sensory signal transmission. 

Ihe process is a mecnamsm used by tne nerv- 

ous system for contrast enhancement. 

When impulses are recorded from ganglion 
cells, it is possible to observe the effects of con¬ 
trast borders on the signals transmitted in the 
optic nerve fibers. Figure 18-4 illustrates this 
effect. The upper recording is from a ganglion 
cell located in the area excited by a spot of light, 
whereas the lower recording is from a ganglion 
cell located a few hundred microns to the side of 
the spot. Note that when the spot of light is 
turned on the ganglion cell in the center of the 
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light becomes excited while the ganglion cell 
located laterally becomes inhibited. 

Detection of Instantaneous Changes in 
Light Intensity—^the On-Off Response. Many 
of the ganglion cells are especially excited by 
change in light intensity ; this effect most often 
occurs in the same ganglion cells that transmit 
contrast border signals. For instance, the upper 
tracing of Figure 18-4 shows that when the light 
was first turned on the ganglion cell became 
strongly excited for a fraction of a second, and 
then the leyel of excitation diminished. The bot¬ 
tom tracing shows that a second ganglion cell 
located in the dark area lateral to the spot of 
light was deeply depressed at the same time. 
Then when the light was turned off, exactly the 
opposite ettects oc curred. Thus, the responses 

ot these two types oi cells are called the 

ofT' and the '"off-on” responses. 

T.his ability ot the retina to detect and trans¬ 
mit signals related to change in light intensity is 
caused by a rapid phase of “adaptation” of 
some of the neurons in the yisual chain. Since 
this effect is extremely marked in the amacrine 
cells. ^ is believed that the amac rine cells are 
j)eculiarly _ada^ed to detecting lignt intensit y 
change. 

This capability to detect change in light inten¬ 
sity is especially well deyeloped in the periph¬ 
eral retina. For instance, a minute gnat flying 
across the peripheral field of yision is instan¬ 
taneously detected. On the other hand, the 
same gnat sitting quietly in the peripheral field 
of yision remains entirely below the threshold 
of yisual detection. 

Transmission of Color Signals by the 
Ganglion Cells. A single ganglion cell may be 
stimulated by a number of cones or by only a 
yery few. When all three types of cones—the 
red, blue, and green types—all stimulate the 
same ganglion cell, the signal transmitted 
through the ganglion cell is the same for any 
color of the spectrum. Therefore, this signal 
plays no role in the detection of the different 
colors. Instead, it is called a “luminosity” sig¬ 
nal. 

On the other hand, many of the ganglion cells 
are exci ted by only one color type of cone but 
are inhibiteo py a second type. For instance, 
this frequently occurs tor tne red and green 
cones, red causing excitation and green causing 
inhibition—or, yice yersa, that is, green causing 
excitation and red inhibition. The same type of 
reciprocal effect also occurs between some blue 
cones and either red or green cones. 

The mechanism of this opposing effect of col¬ 


ors is the following: One color type of cones 
excites the ganglion cell by the direct excitatory 
route ffifough a bipolar cell, while the otner 
color type excites tne ganglio n cell by the indi- 
‘ rect inhibitory route through a horizontal ^11. 

The importance of these color-conirasi 
mechanisms is that th ey represent a mechanism 
by which the retina itself diffe rentiates color s. 
Ihus each color-contrast type of ganglion cefTiS 

^ excited py one color but inh ibited by the oppo-~ 

" site color. Therefore, the process of coiOT 
analysis begins in the retina and is not entirely a 
^ function of the brain. 

REGULATION OF RETINAL FUNCTION 
BY CENTRIFUGAL FIBERS FROM 
THE CENTRAL NERVOUS SYSTEM 

The sensitivity of the retina is at least partially con¬ 
trolled by signals from the central nervous system. 
Centrifugal fibers pass in the retrograde direction in 
the optic nerve from the brain to the retina and 
synapse directly with the ganglion cells. Stimulation 
of specific areas in the brain can enhance in some 
instances and diminish in other instances the sen¬ 
sitivities of specific areas of the retina. It is supposed 
that this represents a mechanism by which the cen¬ 
tral nervous system can direct one’s attention to 
specific portions of the visual field. 


FUNCTION OF THE LATERAL 
GENICULATE BODY 

Anatomical Organization of the Lateral 
Geniculate Nuclei. Each lateral geniculate 
body is composed of six nuclear layers. Layers 
2, 3, and 5 (from the surface inward) receive 
signals from the temporal portion of the ipsilat- 
eral retina, while layers 1, 4, and 6 receive sig¬ 
nals from the nasal retina of the opposite eye. 

All layers of the lat eral geniculate body relay 
vjsnal infnrrnatmn tr>J:hp visual COrtex tOrOUgll 
the Qeniculocalcarine tract. 

The pairing of layers from the two eyes prob¬ 
ably plays a major role in fusion of vision , be¬ 
cause corresponding retinal fields in the two 
eyes connect with respective neurons that are 
approximately superimposed over each other in 
the successive layers. Also, with a little imagi¬ 
nation, one can postulate that interaction be¬ 
tween the successive layers could be part of the 
mechanism by which stereoscopic visual depth 
perception occurs, because this depends on 
comparing the visual images of the two eyes and 
determining their slight differences, as was dis¬ 
cussed in Chapter 16. 
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Characteristics of the Visual Signals in the 
Lateral Geniculate Body 

The signals recorded in the relay neurons of 
the lateral geniculate body are similar to those 
recorded in the ganglion cells of the retina. A 
few of the neurons transmit luminosity signals, 
whereas the majority transmit signals depicting 
only contrast borders in the visual image; also, 
many of the neurons are particularly responsive 
to movement of objects across the visual scene. 
However, the signals of the geniculate neurons 
are different from those in the ganglion cells in 
that a greater number of the complex interac¬ 
tions are found. TJiat is. a much higher per¬ 
c entage of the neurons respond to contrast in 
the visual scene or to movement. These more 

complex reactions presumably result from con ¬ 

vergence of evrit atnry and inhihi forv signals 

from two or more ganglion cells on the relay 

neurons of the lateral geniculate bod y . 

Color Signals in the Lateral (Teniculate 
Body. Signals related to black and white vi¬ 
sion are mainly found in layers 1 and 2 of the 
lateral geniculate body, while color signals 
occur mainly in layers 3 through 6. A few of the 
neurons in these last four layers respond to all 
colors and therefore transmit “white-light” in¬ 
formation. However, about three-quarters of 
the neurons respond to “ opponent colors;” tha t 
is, a piven cell mav be hv rpd_bjit bp 

i nhibited by green. Another cell will operate 

exactly oppositely. These are called the “red - 

green” cells . Still other lateral geniculate body 

cells respond to the _opponent colors blue and 
yellow, wit h one of these exciting the cell and 
the othef inhibiting ii. ihe mechanism of this 
effect is tne same as in the retina; that is, the 
effect is caused by convergence of signals from 
red and green cones onto the same neuron, one 
of these signals causing inhibition while the 
other causes excitation. 

JIv various interaction s of ^hi^ type |he color 
information in the visual scene is gradually dis ¬ 

sected . and the inform ation is then transmitted 
to other sections of the brain as signals that ex ¬ 

press the ratios of different colors in the differ - 
*ent areas of the visual scene. " 


FUNCTION OF THE PRIMARY 
VISUAL CORTEX 

The ability of the visual system to detect spa¬ 
tial organization of the visual scene—that is, to 
detect the forms of objects, brightness of the 


individual parts of the objects, shading, and so 
forth —is denendent onJjjnctiQn of the primar y 
visual cortex, the anatomy ot wnich is iiiii r' 

trated in Figure 18-5. This ar ea lies mainly in 
the calcarine fissure located^ bilaterally onTh^ 
medial aspect of each occipital cortex . Specific 
points of the retina connect with specific points 
of the visual cortex, the right halves of the two 
respective retinae connecting with the right vis¬ 
ual cortex and the left halves connecting with 
the left visual cortex. The macula is represented 
at the occipital pole of the visual cortex and the 
peripheral regions of the retina are represented 
in concentric circles farther and farther forward 
from the occipital pole. The upper portion of the 
retina is represented superiorly in the visual 
cortex and the lower portion inferiorly. Note 
the large area of cortex receiving signals from 
the macular region of the retina. It is in this 
region that the fovea is represented, which 
gives the highest degree of visual acuity. 

DETECTION OF LINES AND BORDERS 
BY THE PRIMARY VISUAL CORTEX 

If a person looks at a blank wall, only a few 
neurons of the primary visual cortex will be 
stimulated, whether the illumination of the wall 
be bright or weak. Therefore, the question must 
be asked: What does the visual cortex do? To 
answer this question, let us now place on the 
wall a large black cross such as that illustrated 
to the left in Figure 18-6. To the right is illus¬ 
trated the spatial pattern of the greater majority 
of the excited neurons that one finds in the vis¬ 
ual cortex. Note that the areas of excitation 
occur along the sharp borders of the visual pat¬ 
tern. Thus, by the time the visual signal is re¬ 
corded in the primary visual cortex, it is con¬ 
cerned mainly with the contrasts in the visual 



Figure 18-5. The visual cortex. 
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Retinal Image Cortical Stimulation 

Figure 18 - 6 . Pattern of excitation occurring in the vis¬ 
ual cortex in response to a retinal image of a black cross. 


scene rather than with the flat areas. At each 
point in the visual scene where there is a change 
from dark to light or light to dark, the corre¬ 
sponding area of the primary visual cortex be¬ 
comes stimulated. The intensity of stimulation 
is determined hv the gradient of contrast. That 
i s. the greater the shamness in the contrast bor ¬ 
der and the greater the difference in intensities 
between the light and dark areas, the greater is 
the degre e 

Thus, the pattern of contrasts in the visua l 

scene is impressed upon the neurons of the vis ¬ 

ual cortex, and this pattern has a spatial orienta¬ 
tion roughly the same as that ot tne retinal im- 
age^ 

Detection of Orientation of Lines and Bor¬ 
ders. Not only does the visual cortex detect 
the existence of lines and borders in the differ¬ 
ent areas of the retinal image, but it also detects 
the orientation of each line or border— that is^ 
whether it i^ a vertical or horizontal bonder, or 
lies at some degree of inclination. The 
mechanism of this effect is the followingT 

In each small area of the visual cortex there 
are multiple neurons arranged in columns, each 
column having a diameter of about 0.5 to 1 mm. 
and extending downward from the surface of 
the cortex through its six layers. The signals 
arriving in the cortex from the lateral geniculate 
body terminate in layer 4, and from here sec¬ 
ondary signals spread upward or downward in 
the column and eventually also to adjacent col¬ 
umns. Some columns of neurons respond to 
vertical lines or borders, others to lines or bor¬ 
ders slightly angulated, still others to lines or 
borders even more angulated, and so forth. This 
process of selective stimulation of the separate 
columns is presumably caused by convergence 
of signals from two or more nerve fibers arriving 
from the lateral geniculate body. The effect is 
similar to that which occurs in the retina, one of 
the fibers causing inhibition and the other exci¬ 


tation. If the orientation of the border between 
the dark area and the light area in the visual 
scene corresponds with the orientation of the 
neural connections of inhibitory and excitatory 
input fibers to a given column of the visual cor¬ 
tex, the column would be excited. By having 
many different cortical columns with slightly 
different synaptic connections, such interac¬ 
tions could lead to selective stimulation of one 
column for one orientation of a border, another 
column for another orientation, and so forth. 
This represents another stage in the mechanism 
for deciphering information in the visual scene. 

Detection of Length of Lines. Still a higher 
order for deciphering information from the vis¬ 
ual scene is the ability of yet other neuronal 
columns of cells to be stimulated by lines or 
borders of specific lengths. An interesting fea¬ 
ture of this type of detection is that the lines can 
be displaced laterally from each other to a slight 

extent m the visual field and the detection proc ¬ 

ess will continue to occur . This type of detec¬ 
tion presumably results from convergence of 
signals within the visual cortex from the first- 
stimulated columns of neurons. 

To perform all of these functions for de¬ 
ciphering visual information, the primary visual 
cortex has approximately 200 million neu¬ 
rons—200 times as great as the number of optic 
nerve fibers from each retina. 

Analysis of Color by the Visual Cor¬ 
tex. One finds in the primary visual cortex 
specific cells that are stimulated by color inten¬ 
sity or by contrasts of the opponent colors, the 
red-green opponent colors a4id the bliie-vello w 
opponent color s. These effects are almost iden¬ 
tical to those found in the lateral geniculate 
body. However, the proportion of cells excited 
by the opponent color contrasts is vastly re¬ 
duced from the proportion found in the lateral 
geniculate body. Since neuronal excitation by 
color contrasts is a means of deciphering color, 
it is believed that the primary visual cortex is 
concerned with an even higher order of detec¬ 
tion of color than simply the deciphering of 
color itself, a process that seems to have been 
mainly completed by the time the signals have 
passed through the lateral geniculate body. 

PERCEPTION OF LUMINOSITY 

Although most of the neurons in the visual 
cortex are mainly responsive to contrasts 
caused by lines, borders, moving objects, or 
opponent colors in the visual scene, a few are 
directly responsive to the levels of luminosity in 
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the different areas of the visual scene. Presum¬ 
ably, it is these cells that detect flat areas in the 
scene and also the overall level of luminosity. 


EFFECT OF REMOVING THE PRIMARY 
VISUAL CORTEX 

Removal of the pnrnar-y_ f^ ^rtex in^ 

human beings alwa ys causes complete blind- 
ness for detection ot visual patterns. However; 
a few sucH persons Pave jisnlaveJ v'ei v ^ilUiit* - 
capability for detection of crude levels of light 
mtensity. in lower level monkeys this apiiity to 

oeteci lighi Iniensiiy is sirongiv preserved. With 
even the capability to determine very crude sig ¬ 
nals of form, especially visual images relatea to 
movement. 


TRANSMISSION OF VISUAL 
INFORMATION INTO OTHER REGIONS 
OF THE CEREBRAL CORTEX ^ 

The primary visual cortex is located in the ^r< 2 /- 
rnrinp fissurp nrpa. mainly on the medial aspect of 
each hemisphere but also spreading slightly over the 
occipital pole. It is known as Brodmann area 17 of 
the cortex, and it is also called the striatp arpa h e- 
cause of its striated appearance to the naked eye. , 

Signals from the striate area project laterally in ffie 
occipital cortex into area 18 and then into area 19, as 
illustrated in Figure 18-7. These areas are frequently 
called the prestriate areas, and they are also known 
as visual association areas. In reality, they are sim¬ 
ply the loci for additional processing of visual infor¬ 
mation. 

The visual projection images in areas 18 and 19 are 
organized into columns of cells in the same manner 
as that described earlier for the primary visual cor¬ 
tex. There is a topographic representation of the vis¬ 
ual field as also found in the primary visual cortex. 
However, the neuronal cells respond to more com¬ 
plex patterns than do those in the primary visual cor¬ 
tex. For instance, some cells are stimulated by sim¬ 
ple geometric patterns, such as curving borders, an- 


Motor 



Figure 18 - 7 . The visual association fields and the corti¬ 
cal areas for control of eye movements. 


gles, and so forth. It is presumably these progres¬ 
sively more complex inteipretations that eventually 
decode the visual information, giving the person his 
overall impression of the visual scene that he is ob¬ 
serving. 

Projection of Visual Information into the Tem¬ 
poral Cortex. From areas 18 and 19 visual signals 
next proceed to the posterior portion of the inferior 
temporal gyrus and from here to the posterior portion 
of the medial temporal gyrus, areas 20 and 21 of the 
cortex. In these areas simple visual patterns such as 
lines, borders, angles, and so forth fail to cause exci¬ 
tation of specific neurons. The degree of integration 
of visual information at this level, such as interpreta¬ 
tion of letters or words, is presumably much higher. 

Effects of Destruction of the Visual Association 
Areas. Human beings who have destructive lesions 
of any of the visual association areas, areas 18 and 19 
in the occipital cortex, or areas 20 and 21 in the tem¬ 
poral cortex, have difficulty with certain types of vis¬ 
ual perception and visual learning. For instance, de¬ 
struction in areas 18 and 19 generally makes it 
difficult to perceive form, such as shapes of objects, 
their sizes, and their meanings. It is believed that this 
type of lesion can cause the abnormality known as 
dyslexia or word blindness, which means that the 
person has difficulty understanding the meanings ot' 

words that he sees. 

Destruction ot tHe temporal projections of the vis¬ 
ual system makes it especially difficult for animals, 
and presumably for human beings as well, to learn 
tasks that are based upon visual perceptions. For in¬ 
stance, the person might be able to see his plate of 
food perfectly well but be unable to utilize this visual 
information to direct his fork toward his food. Yet , 
when he feels the plate with hi s oth er hand, he can 
jise stereotaxic informafion irom tne somesthet ic 

rr>rt<"Y tn thi^.,f;orL_arni„riatdV 

Effects of Electrical Stimulation of the Visual 
Areas. Electrical stimulation in the primary visual 
cortex or in the parietal association areas, areas 18 
and 19, causes a person to have simple optic auras— 
that is, flashes of light, simple colors, or simple forms 
such as lines, stars, or so forth—but he does not see 
complicated forms. 

Stimulation of the visual association areas of the 
temporal cortex, areas 20 and 21, occasionally elicits 
complicated visual perceptions, sometimes causing 
the person to see a scene that he had known many 
years before. This is in keeping with the interpreta¬ 
tive function of this area for visual function. 


THE FIELDS OF VISION; 
PERIMETRY 

T\\eJip.Ld of vision is the area seen bv an eve at a 
givpn ,Thf^ ar e a seen to the nasal side is called 

ihQ_juisal^ field of vision, and_yie^rea_seeii_tQ_J lTe 

lateral side is called tne temporal held of vision. 

To diagnose blindness in specific portions ot the 
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refinae. one. chart.sa.b£-fi£ld of visiiarL,£Qr_each eve hv 
a proce^sknown as perimetry. This is done by having 
the subj^dL 1(55'R Willi UllU toward a central spot 
directly in front of the eye. Then a small dot of light 
or a small object is moved back and forth in all areas 
of the field of vision, both laterally and nasally and 
upward and downward, and the person indicates 
when he can see the spot of light or object and when 
he cannot see it. At the same time, a chart (Fig. 18-8) 
is made for the eye, showing the areas in which the 
subject can see the spot and in which he cannot see 
it. Thus, the field of vision is plotted. 

In all perimetry charts, a blind spot caused by lack 
of rods and cones in the retina over the optic disc is 
found approximately 15 degrees lateral to the central 
point of vision, as illustrated in the figure. 

Abnormalities in the Fields of Vision. Occa¬ 
sionally blind spots are found in other portions of the 
field of vision besides the optic disc area. Such blind 
spots are called scotomata: they frequently result 

from allergic reactions in tne retina Til* t'f5fn loxic 

a^onditions, sucn as lead poisoning or even excessiv e 

use of tobacco. 

btill another condition that can be diagnosed by 
perimetry is retinitis pismentosa. In this disease, 
Unions or the retina degenerate and excessive 

melanin pigment deposits in the degenerated areas. 

Retinitis Pigmentosa generally causes blindness in 

the peripheral field of vision first and then gradualfv 

encroaches on the central areas. 

Ejfect of Lesions in the Optic Pathway on the Fields of 
Vision. One of the most important uses of perimetry 
is for localization of lesions in the visual nervous 
system. Lesions in the optic nerve, in the optic 
chiasm, in the optic tract, and in the geniculocal- 
carine tract all cause blind areas in the visual fields, 
and the “patterns” of these blind areas indicate the 
location of the lesion in the optic pathway. 

Destruction of , ^ri uen’f 

causes blindness of the respective eve. Destruction 
of the optic chiasm, as shown by the longitudinal line 



Figure 18-8. A perimetry chart, showing the field of vi¬ 
sion for the left eye. 


across the chiasm in Figure 18-1, prevents the pas¬ 
sage of impulses from the nasal halves of the two 
retinae to the opposite optic tracts. Therefore, the 
nasal halves are both blinded, which means that the 
person is blind in both temporal fields of vision; this 
condition is called bitemporal hemianopsia. S uch le- 
sions frequently result from tumors of the adeno ¬ 

hypophysis pressing upward on the_ontic chiasm. 

Interruption ot an optic tract, which is also shown 

by a line in Figure 18-1, denervates the correspond¬ 
ing half of each retina on the same side as the lesion, 
and, as a result, neither eve can see objects to th e 
o pposite side. This condition is known as homony ¬ 

mous hemianopsia. Destruction of the optic radia ¬ 
tion or thfi vi^r/ni rnrtpx of one side also causes 
hflmonvmous hemianopsia. A common condition 
that destroys the visual cortex is thrombosis of the 
posterior cerebral artery, which infarcts the occipital 
cortex except for the foveal area, thus sparing central 
vision. 

One can differentiate a lesion in the optic tract 
from a lesion in the geniculocalcarine tract or visual 
cortex by determining whether impulses can still be 
transmitted into the pretectal nuclei to initiate a 
pupillary light reflex. To do this, light is shown onto 
the blinded half of one of the retinae, and, if a pupil¬ 
lary light reflex can still occur, it is known that the 
lesion is at or beyond the lateral geniculate body, that 
is, in the geniculocalcarine tract or visual cortex. 
However, if the light reflex is also lost, then the le¬ 
sion is in the optic tract itself. 

EYE MOVEMENTS AND 
THEIR CONTROL 

To make use of the abilities of the eye, almost 
equally as important as the system for interpre¬ 
tation of the visual signals from the eyes is the 
cerebral control system for directing the eyes 
toward the object to be viewed. 

Muscular Control of Eye Movements. The 
eye movements are controlled by three separate 
pairs of muscles shown in Figure 18-9: ( 1) the 
medial and lateral recti. (2) the superior an d in- 
ferior recti, and (3) the superior and inferior 

obliques. The medial and lateral recti contract 
reciprocally to move the eyes from side to side. 
The superior and inferior recti contract recip¬ 
rocally to move the eyes upward or downward. 
And the oblique muscles function mainly to ro¬ 
tate the eyeballs to keep the visual fields in the 
upright position. 

Neural Pathways for Control of Eye Move¬ 
ments. Figure 18-9 also illustrates the nuclei 
of the third, fourth, and sixth cranial nerves and 
their innervation of the ocular muscles. Shown, 
too, are the interconnections among these three 
nuclei through the medial longitudinal fas- 
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Figure 18-9. The extraocular muscles of the eye and 
their innervation. 


Figure 18-10 illustrates cortical control of the 
oculomotor apparatus, showing spread of sig¬ 
nals from the occipital visual areas through oc- 
cipitotectal and occipitocollicular tracts into the 
pretectal and superior colliculus areas of the 
brain stem. In addition, a frontotectal tract 
passes from the frontal cortex into the pretectal 
area. From both the pretectal and the superior 
colliculus areas, the oculomotor control signals 
then pass to the nuclei of the oculomotor 
nerves. Finally, strong signals are also transmit¬ 
ted into the oculomotor system from the ves¬ 
tibular nuclei by way of the medial longitudinal 
fasciculus. 

CONJUGATE MOVEMENT OF THE EYES 


ciculus. Either by way of this fasciculus or by 
way of other closely associated pathways, each 
of the three sets of muscles to each eve is recip¬ 
rocally innervated so that one muscle of the pair 
Relaxes while the other contracts. 


Simultaneous movement of both eves in the same 
direction is galled conjusate movement otTlTC eyey r 
The signals' to the two eyes to cause precise syn- 
chronized movement of both eyes at the same time 
probably originate in the reticular nuclei of the 
mesencephalon and pons in close association with 
the oculomotor nuclei. However, the conjugate 


Figure 18-10. Neural pathways for control 
of conjugate movement of the eyes. 
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movements are under strong control of the cerebral 
cortex, which transmits signals into the reticular nu¬ 
clei by way of the pretectal nuclei and the superior 
colliculi. Signals from the vestibular nuclei also elicit 
conjugate movement of the eyes, probably by send¬ 
ing signals through the medial longitudinal fasciculi. 

FIXATION MOVEMENTS OF THE EYES 

Perhaps the most important conjugate movements 
of the eyes are those that cause the eyes to ‘ ‘fix’ ’ on a 
discrete portion of the field of vision. 

Fixation movements are controlled by two entirely 
different neuronal mechanisms. The first of these al¬ 
lows the person to mOV ^ imlniatnmlY tn finH . 

^t he object upon which he wishes to fix his vkion: this 
i s called th^ol untarv fixation mechnnisml The sec¬ 
ond is an involuntary mechanism that holds the eves 
hrmly on the object once it has been found; this is 

^caiieQ me^invoiuMnry tixauon rnecnanism.\ 

The voluntary fixation movemems ^e controlled 
by a small cortical field located bilaterally in the pre¬ 
motor cortical regions of the frontal lobes, as illus¬ 
trated in Figure 18-10. Bilateral dysfunction or de¬ 
struction of these areas makes it difficult or almost 
impossible for the person to “unlock” his eyes from 
one point of fixation and then move them to another 
point. It is usually necessary for him to blink his eyes 
or put his hand over his eyes for a short time, which 
then allows him to move the eyes. 

On the other hand, the fixation mechanism that 
causes the eyes to “lock” on the object of attention 
once it is found is controlled by the eye fields of the 
occipital cortex —mainly area 19—which are also il¬ 
lustrated in Figure 18-10. When these areas are de¬ 
stroyed bilaterally, the person has difficulty or be¬ 
comes completely unable to keep his eyes directed 
toward a given fixation point. — 

To summarize, the posterior eye fields automati¬ 
cally “lock” the eyes on a given spot of the visual 
field and thereby prevent movement of the image 
across the retina. To unlock this visual fixation, vol¬ 
untary impulses must be transmitted from the “vol¬ 
untary” eye fields located in the frontal areas. 

Mechanism of Fixation. Visual fixation results 
from a negative feedback mechanism that prevents 
the object of attention from leaving the foveal portion 
of the retina. The eyes even normally have three 
types of continuous but almost imperceptible move¬ 
ments: f l) a continuous tremor at a rate of ^0 to 80 
cycles per second caused bv successive contractions 

of the-motor units in the ocular muscles, f2i a slow 

drift of the eyeball s in one direction or another, and 
(j j suAden nickins movements which are controlled 
b y the involuntary fixation mec hanism. When a spot 
of light has become fixed on the foveal region of the 
retina, the tremorous movements cause the spot to 
move back and forth at a rapid rate across the cones, 
and the drifting movements cause it to drift slowly 
across the cones. However, each time the spot of 
light drifts as far as the edge of the fovea, a sudden 


flicking movement moves the spot away from this 
edge back toward the center, which is an automatic 
response to move the image back toward the central 
portion of the fovea. These drifting and flicking mo¬ 
tions are illustrated in Figure 18-11, which shows by 
the dashed lines the slow drifting across the retina 
and by the solid lines the flicks that keep the image 
from leaving the foveal region. 

Fixation of the Eyes on Important Visual High¬ 
lights—Role of the Superior Colliculi. The eyes 
have an automatic capability for instantaneously 
fixing on an important highlight in the visual field. 
However, this capability is mostly lost when the 
superior colliculi are destroyed even though most 
other conjugate movements of the eyes occur nor¬ 
mally in the absence of the superior colliculi. The 
signals for fixation on the visual scene originate in the 
visual areas of the occipital cortex, primarily in the 
visual association areas, then pass to the superior 
colliculi, from there to reticular areas around the 
oculomotor nuclei, and thence into the motor nuclei 
themselves. 

The superior colliculi are also important in causing 
sudden turning of the eyes to the side when a flash of 
light or some other sudden visual disturbance occurs 
on that side. In addition, signals are transmitted 
through the superior colliculi into the medial lon¬ 
gitudinal fasciculus and other areas of the brain stem 
to cause turning of the whole head and perhaps even 
of the whole body toward the direction of the light. 
Other types of disturbances besides visual dis¬ 
turbances, such as strong sounds or even stroking the 
side of the body, will cause similar turning of the 
eyes, head, and body if the superior colliculi are in¬ 
tact. This effect, however, is absent or severely dis¬ 
turbed when the superior colliculi are destroyed. 
Therefore, it is frequently said that the superior 



Figure 18-11. Movements of a spot of light on the fovea, 
showing sudden “flicking” movements to move the spot 
back toward the^center of the fovea whenever it drifts to 
the foveal edge. (The dashed lines represent slow drifting 
movements, and the solid lines represent sudden flicking 
movements.) (Modified from Whitteridge: Handbook of 
Physiology, Vol. 2, Sec. 1. Baltimore, The Williams & 
Wilkins Co., 1960, p. 1089.) 
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colliculi play an importan t role in orienting the eves . 
riT" llljUU. ancl the body with resnecf to external 
signals— visual signals, auditory signals, somaiic si^ - 

naJjk and perhaps even others. 

Saccadic Conjugate Movement of the Eyes. 
When the visual scene is moving continually befor e 
t he eves, such as when a pe rson is riding in a car*^ 
V/hen ne IS turning arouno, me eyes fix on one h igl> 
light after another in the visual held , lumping rrom 
■^ne to t he next at a rate of two to three jumps per 
second. \|Ihese i uinps are called sac^xicfel^ The sac- 
cades occur so rapidly that not more than lO per cent 
of the total time is spent in moving the eyes, 90 per 
cent of the time being allocated to the fixation sites. 
Also, the brain suppresses the visual image during 
the saccades so that one is completely unconscious 
of the movements from point to point. 

Saccadic Movements During Reading. During the 
process of reading, a person usually makes several 
saccadic movements of the eyes for each line. In this 
case the visual scene is not moving past the eyes, but 
the eyes are trained to scan across the visual scene to 
extract the important information. Similar saccades 
occur when a person obser ves a p ainti ng, except tnat 
pie. saCT^Ud^^ occur m one oirection after anothe*]; 
from one highlight of the naintJjig-Jo another, then 
another, and so forth . 

Fixation on Moving Objects—“Pursuit Move¬ 
ments.” 'Hie__e^es_£analsoremainfixedonajnov- 
ing object. Wh jfb 'g r-all^H ^^iyrc///7 A 

highly developed cortical mechanism automatically 
detects the course of movement of an object and then 
gradually develops a similar course of movement of 
the eyes. For instance, if an object is moving up and 
down in a wavelike form at a rate of several times per 
second, the eyes at first may be completely unable to 
fixate on it. However, after a second or so the eyes 
begin to jump coarsely in approximately the same 
pattern of movement as that of the object. Then after 
a few more seconds, the eyes develop progressively 
smoother and smoother movements and finally fol¬ 
low the course of movement almost exactly. This 
represents a high degree of automatic, subconscious 
computational ability by the cerebral cortex. 

Opticokinetic Nystagmus. A particularly important 
type^of pursuit movement is tha t called nystagmus, 

which allows the eyes to fixate on successive polntT 

in a continuously moving scene. F or instance, if a 
person is looking out the window of a train, his eyes 
fix on successive points in the visual scene. To do 
this, the eyes fixate on some object and move slowly 
backward as the object also moves backward. When 
the eyes have moved far to the side, they automati¬ 
cally jump forward to fix on a new object, which is 
followed again by slow movement in the backward 
direction. This type of movement in one direction is 
e^led oDticokinetic nystagmus, t he slow movement 
in one direction is called the slow component of the 
nystagmus, wmie tne rapio movement in tne otHe F 

direction is called the/r/,s7 component. 

Qpticokinetic nystagmus obvio usly* is a type of 
pursuit movement. That is, after an Initial seconcTnr 


so of orientation, the visual system automatically 
^lcuiat< =>^ fhp_ci:ii,u:<;p ^nr i rate ot movt!;illdiit"i»y4-§^ e 
visual scene, then follows this exactly until the eve s 

reach a lateral limit, at which time they jump to a new 

j)oint in the scene. 

Vestibular Control of Eye Movements. Another 
type of eye movement is elicited by stimulation of the 
vestibular apparatus. The vestibular nuclei are con¬ 
nected directly with the brain stem nuclei that control 
ocular movements, and, any time the head is acceler¬ 
ated in a vertical, longitudinal, lateral or angular di¬ 
rection, an immediate compensatory motion of the 
eyes occurs in the opposite direction. This allows the 
eyes to remain fixed on an object of attention despite 
rapid movements of the body or head. 

Vestibular control of the eyes is especially valu¬ 
able when a person is subjected to jerky motions of 
his body. For instance, when a person with bilateral 
destruction of his vestibular apparatuses rides over 
rough roads, he has extreme difficulty fixing his eyes 
on the road or on any horizontal scene. The op- 
tikokinetic type of pursuit movement is not capable 
of keeping the eyes fixed under such conditions be¬ 
cause it has a latent period of about one-fifth second 
before the direction of movement can be detected 
and followed by the eyes. On the other hand, the 
vestibular type of eye movement has a short latent 
period, measured in hundredths of a second rather 
than one-fifth second. 

Also when a person begins to rotate, his vestibular 
apparatuses cause a vestibular type of nystagmus. 
That is, the eyes lag behind the rotating head, then 
jump forward, then lag behind again, jump again, and 
so forth. This type of nystagmus is discussed in 
Chapter 10 in relation to vestibular function. 

Pathologic Types of Nystagmus. Occasionally, 
abnormalities occur in the control system for eye 
movements that cause continuous nystagmus despite 
the fact that neither the visual scene nor the body is 
moving. This is likely to occur when one of the ves¬ 
tibular apparatuses is damaged or when severe dam¬ 
age is sustained in the deep nuclei of the cerebellum. 
This is discussed further in Chapter 11. 

Another pathologic type of eye movement that is 
sometimes called nystagmus occurs when the foveal 
regions of the two eyes have been destroyed or when 
the vision in these areas is greatly weakened. In such 
a condition the eyes attempt to fix the object of atten¬ 
tion on the foveae but always overshoot the mark 
because of foveal insensitivity. Therefore, they oscil¬ 
late back and forth but never achieve foveal fixation. 
Even though this condition is known clinically as a 

tx^oe. of nystagmus, nnvsioiogi callv it is completely 

differept from the nystagmus that keeps the eye s 
fixed on a moving scene. 


FUSION OF THE VISUAL IMAGES 

To make the visual perceptions more meaningful 
and also to aid in depth perception by the mechanism 
of stereopsis, which was discussed in Chapter 16, the 
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visual images in the two eyes normally./i/^t^ with each 
other on “corresponding points” of the two retinae. 
Furthermore, three different types of fusion are re¬ 
quired: lateral fiLsion_vertical fusion, and torsional 

fusion (same rotation oft h e two eyes_ahQiit their-(a|^ 
tical axes.) 

Fusion oT the images of the two eyes probably re¬ 
sults from two mechanisms in the visual system. 
First, crude fusion is inherent in the newborn baby 
because of inherited conjugate movements of the 
eyes. Second, as the visual system becomes more 
and more developed, the ability of the two eyes to 
fixate on the same object of attention causes even 
greater accuracy of fusion. Then, as the visual sys¬ 
tem develops its pursuit abilities, the pathways for 
controlling the conjugate movements of the two eyes 
normally develop equally. And the m ore the two eves 
are moved in unison with each other the more “set” 
nattpins nf rqpv ement tor the eves. aiS, 
conseuuy ntiv fhi > more exact becomes the decree iif 
fusion that can be maintained regardless of the posi- 
tion or r^lb'i'dity of moV^iiieiiL bf the eyct^. 

' Moth the lateral geniculate body and the visual cor¬ 
tex play very important roles in this process of fu¬ 
sion. It was pointed out earlier in the chapter that 
corresponding points of the two retinae transmit vis¬ 
ual signals, respectively, to successive nuclear layers 
of the lateral geniculate body. Interactions occur be¬ 
tween the layers of the lateral geniculate body where 
the signals from the retinal images of the two eyes 
overlap each other; these cause interference patterns 
of stimulation in specific cells of the visual cortex. 
That is, when the two corresponding points of the 
retinae are not precisely in fusion, specific cells in the 
visual cortex become excited; this excitation pre¬ 
sumably provides the signal that is transmitted to the 
oculomotor apparatus to cause convergence or di¬ 
vergence of the eyes so that fusion can be re¬ 
established. Once the corresponding points of the ret¬ 
inae are precisely in register with each other, the 
excitation of the specific cells in the visual cortex 
disappears. 

The Neural Mechanism for Stereopsis. The 

visual images that appear on the retina during the 
process of stereopsis were discussed in Chapter 16. It 
xyag pnintprl niiA^t hat because the two eyes are a little 
more than 2 inches apart the images on the two ret¬ 
inae are not exactly the same. The closer the objectTs 
to tne eve the greater is the dispa rity between the two 

images. Consequently, it is impossible tor all COiTb- 
sponding points in the visual image to be in complete 
register at the same time. Furthermore, the nearer 
the object is to the eye the less is the degree of regis¬ 
ter. Here again, specific cells in the primary visual 
cortex become excited in the areas of the visual field 
where highlights are out of register . Presumably, this 
excitation is the source of the sign^for detection of 

Hhe distance of the obiect irTtront ot tne eves; tnis~" 

mechanism is called stereopsis. 

strabismus. Strabismus, which is also calle d 

^uint or cross-eyedness, means lack ot tusion ot tne" 

eyes in one or more of the coordinates described 


above. Three basic types of strabismus are illustrated 
in Figure 8-12: horizontal strabismus, vertical 
strabismus, and torsional strabismus. Howev^ 
combinations of two or even of all three of the differ¬ 
ent types of strabismus otten occur . 

Strabismus is believed to be caused by an abnor- 
jua? "set’^ oi tne rilf»l0li lliechm iTCiTrTrftllU vNllcil sys-_ 

Tern. 1 hat is, in the early efforts ot the child to tixate 

the two eyes on the same obiect. one of the eves 
fixates satisfactor ily while the otherfails to fixate, or 

they both fixate satis factorily but never simulta ne* 

movements oF 

the eyes become aonormaiiy ^^set” so that the eyes 

never fuse. 

Frequently, some abnormality of the eyes contrib¬ 
utes to the failure of the two eyes to fixate on the 
same point. For instance, if at birth one eye has poor 
vision in comparison with the other, the good eye 
tends to fixate on the object of attention while the 
poor eye might never do so. Also, in hypermetropic 
infants, intense impulses must be transmitted to the 
ciliary muscles to focus the eyes, and some of these 
impulses overflow into the oculomotor nuclei to 
cause simultaneous convergence of the eyes, as will 
be discussed below. As a result, the child’s fusion 
mechanism becomes “set” for continual inward de¬ 
viation of the eyes. 

Suppression of Visual Image from a Repressed 
Eye. In most patients with strabismus the eyes al¬ 
ternate in fixing on the object of attention. However, 
in some patients, one eye alone is used all the time 
while the other eye becomes repressed and is never 
used for vision. The vision in the repressed eye de- 
^velops only slightly, usually remaining 2U/40U or less. 
It the d ominant eye then becomes blinded, vision m 
the repressed eye cari develop lo bflly a sligni extern 
in ihe adult bLiP*feii llUJTg lapldly In young cnildren. 

Ijiis illustrates that visual acuity is highly dependent 

■cm the_ n rnp^r the central synaptic 

connections from the eyes. ^ . 


AUTONOMIC CONTROL OF 
ACCOMMODATION AND 
PUPILLARY APERTURE 

The Autonomic Nerves to the Eyes. The eye is 
innervated by both parasympathetic and sympathetic 
fibers, as illustrated in Figure 18-13. The parasym- 
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Figure 18-12. The three basic types of strabismus. 
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Figure 18-13. Autonomic innervation of the eye, show¬ 
ing also the reflex arc of the light reflex. (Modified from 
Ranson and Clark: Anatomy of the Nervous System, 
1959.) 


pathetic fibers arise in the Edinger-Westphal nucleus 
(the visceral nucleus of the third nerve) and then pass 
in the third nerve to the ciliaiy ganglion, which lies 
about 1 cm. behind the eye. Here the fibers synapse 
with postganglionic parasympathetic neurons that 
pass through the ciliary nerves into the eyeball. 
These nerves excite the ciliary muscle and the 
sphincter of the iris. 

The sympathetic innervation of the eye originates 
in the intermediolateral horn cells of the first thoracic 
segment of the spinal cord. From here, sympathetic 
fibers enter the sympathetic chain and pass upward 
to the superior cervical ganglion where they synapse 
with postganglionic neurons. Fibers from these 
spread along the carotid artery and along succes¬ 
sively smaller arteries until they reach the eyeball. 
There the sympathetic fibers innervate the radial 
fibers of the iris as well as several extraocular struc¬ 
tures around the eye, which are discussed shortly in 
relation to Horner’s syndrome. Also, they supply 
very weak innervation to the ciliary muscle. 


CONTROL OF ACCOMMODATION 

The accommodation mechanism—that is, the 
mechanism which focuses the lens system of 
the eye—is essential to a high degree of visual 
acuity. Accommodation results from contrac- 


tion or relaxation of the qliarv muscle, cont rac¬ 
tion causing increased strength of' the lens"^s- 
tem. as explaine d in Chapter 16. and relaxation 


ciLiising decrea sed strength. T he question that 
must be answe red now is: How does one adjust 
Jirs^accnn imitdation to keen nis eve^n-tiicii^l 
4h e t i mfc2 >_ 


Accommodation of the lens is regulated by a 
negative feedback mechanism that automati¬ 
cally adjusts the focal power of the lens for the 
highest degree of visual acuity. When the eyes 
have been fixed on some far object and then 
suddenly fix on a near object, the lens accom¬ 
modates for maximum acuity of vision usually 
within one second; the precise control mech¬ 
anism that causes this rapid and accurate focus¬ 
ing of the eye is still unclear. Some of the 
known features of the mechanism are the fol¬ 
lowing: 

First, when the eyes suddenly change the dis¬ 
tance of their fixation point, the lens changes its 
strength almost invariably in the proper direc¬ 
tion to achieve a new state of focus. In other 
words, the lens usually does not hunt back and 
forth on the two sides of focus in an attempt to 
find the focus. 

Second, different types of cues that can help 
the lens change its strength in the proper direc¬ 
tion include the following: ( 1) Chromatic aber¬ 
ration appears to be important, lhat is, the red 
light ravs focus slightly posteriorly to the blue 
light rays. The eyes appear to be able to detecT 
which of these two type s of ra vs is in better 

focus, and this cue relays the info rmation to the 

accommodating mechanism as to whetherto 

make the lens stronger or weaker. (2) When the 

eyes fixate on a near object they also converge 

toward each oth er. The neural mechanisms for 

~conver^ence causes a simultaneous signal to 

Strengthen the lens of the eve. (3) Since the 

fovea is a depressed aren. the clarity of focus in 

the depth of the fovea versus the clarity of focu s 

on the edges will be different. I t has been 
suggested that this also gives clues as to which 
way the strength of the lens needs to be 
changed. (4) It has been found ihdXthe degree of 
accommodation of the lens oscillates slightly alU 
ot the tlmt^ fit ci ffbqueficy oi approximately^ 

one-halt to two times per ^frond. It has been 

suggested that the visual image becomes clearer 
w hen the oscillation of the lens strength is in the 

a ppropriate direction and poorer when the lens 

s trengtn is m the wrong direction. This could 

give a rapid cue as to whLg h WfiV tug-length of 

t he lens needs to change to provide appropriate 
focus. 




























































270 


THE SPECIAL SENSES 


It is presumed that the cortical areas that con¬ 
trol accommodation closely parallel those that 
control fixation movements of the eyes, with 
integration of visual signals in areas 18 and 19 
and transmission of motor signals to the ciliary 
muscle through the pretectal area and 
Edinger-Westphal nucleus. 

CONTROL OF THE PUPILLARY 
APERTURE 

Stimulation of thf. nara.s^nathpTir nerves 

e 2 C^;dles_the pupillary sphincter, thereby decreas¬ 

ing the pupillary aperture; this is called miosis. " 
On the other hand, stimulation oi' the sympa ¬ 

t hetic nerves excites the radial fibers of theiris 
and causes pupillary dilata tion, w hich is called 

mvdriasjs: 

The Pupillary Light Reflex. When light is 
shone into the eyes the pupils constrict, a reac¬ 
tion that is called the pupillary light reflex. The 
neuronal pathway for this reflex is illustrated in 
Figure 18-13. When light impinges on the reti¬ 
na, the resulting impulses pass through the 
optic nerves and optic tracts to the pretectal 
nuclei. From here, impulses pass to the 
Edinger-Westphal nucleus and finally back 
through the parasympathetic nerves to constrict 
the sphincter of the iris. In darkness, the 
Fdinger-Westphal nucleus becomes inhibited, 
which results in dilatation of the pupil. 

The function of the light reflex is to help the 
eve adapt extremely raoidlv to changing light 
conditions, th e importance of which was 

explained in relation to retinal adaptation in the 

previous chapter . The limits of pupillary diame¬ 
ter are about 1.5 mm. on the small side and 8 
mm. on the large side. Therefore, the range of 
light adaptation that can be effected by the 
pupillary reflex is about 30 to 1. 

Pupillary Reflexes in Syphilis. Central nervous 
system syphilis almost always eventually blocks the 
light reflex pathway between the retina and the 
Edinger-Westphal nucleus. It is believed that this 
block most likely occurs in the pretectal region of the 
brain stem, though it could result from destruction of 
small afferent fibers in the optic nerves One of thi?, 
distinguishing features of the loss of the light reflex in 

syphilis is that nuni llarv constriction, which also oc¬ 

curs with lens accommodation, is not lost at the same 
time because Ihe narasvmnathetic pathways to the 
eves are not involved in syphilis. 

When the impulses to the Edinger-Westphal nuclei 
are blocked by syphilis, these niLclei are also released 
from inhibitory imniilses arriving from ^ppie niitsiHe 

source. As a result, the nuclei become tonicallv ac- 

rrve, causing the pupils tnereatter to remain con- 


^j-jetedJn-addifion to their failure fo resnond to lipht. 
Such a pupil that fails to respond to light and also is 
very small (an Argyll Robertson pupil) is an impor¬ 
tant diagnostic sign of central nervous system 
syphilis. However, a few other conditions, including 
central nervous system damage from alcoholism, en¬ 
cephalitis, and so forth, can occasionally also cause 
an Argyll Robertson pupil. 

Horner’s Syndrome. The sympathetic nerves to 
the eye are occasionally interrupted, and this inter¬ 
ruption frequently occurs in the cervical chain. This 
results in Horner’s syndrome, which consists of the 
follov/ing effects: First, because of interruption of 
fibers to the pupillary dilator muscle, the pupil re¬ 
mains persistently constricted to a smaller diameter 
than that of the pupil of the opposite eye. Second, the 
superior eyelid droops because this eyelid is nor¬ 
mally maintained in an open position during the wak¬ 
ing hours partly by contraction of a smooth muscle, 
the superior palpebral muscle, which is innervated 
by the sympathetics. Therefore, destruction of the 
sympathetics makes it impossible to open the 
superior eyelid nearly as widely as normally. Third, 
the blood vessels on the corresponding side of the 
face and head become persistently dilated. And, 
fourth, sweating cannot occur on the side of the face 
and head affected by Horner’s syndrome. 
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The Sense of Hearing 


Hearing, like many somatic senses, is a 
mechanoreceptive sense, for the ear responds 
to mechanical vibration of the sound waves in 
the air. The purpose of the present chapter is to 
describe and explain the mechanism by which 
the ear receives sound waves, discriminates 
their frequencies, and finally transmits auditory 
information into the central nervous system. 


THE TYMPANIC MEMBRANE 
AND THE OSSICULAR SYSTEM 

TRANSMISSION OF SOUND FROM THE 
TYMPANIC MEMBRANE TO THE 
COCHLEA 

Figure 19-1 illustrates the tympanic mem¬ 
brane (commonly called the eardrum) and the 
ossicular system, which transmits sound 
through the middle ear. The tympanic mem¬ 
brane is cone shaped, with its concavity facing 
downward toward the auditory canal. Attached 
to the very center of the tympanic membrane is 
the handle of the malleus. At its other end the 
malleus is tightly bound to the incus by liga¬ 
ments so that whenever the malleus moves the 
incus generally moves in unison with it. The 
opposite end of the incus in turn articulates with 
the stem of the stapes, and ih& faceplate of the 
stapes lies against the membranous labyrinth in 
the opening of the oval window where sound 
waves are transmitted into the inner ear, the 
cochlea. 

The ossicles of the middle ear are suspended 
by ligaments in such a way that the combined 
malleus and incus act as a single lever having its 
fulcrum approximately at the border of the 


tympanic membrane. The large head of the mal¬ 
leus, which is on the opposite side of the ful¬ 
crum from the handle, almost exactly balances 
the other end of the lever so that changes in 
position of the body will not increase or de¬ 
crease the tension on the tympanic membrane. 

The articulation of the incus with the stapes 
causes the stapes to push forward on the coch¬ 
lea fluid every time the handle of the malleus 
moves inward and to pull backward on the fluid 
every time the malleus moves outward, which 
promotes inward and outward motion of the 
faceplate at the oval window. 

The handle of the malleus is constantly pulled 
inward by ligaments and by the tensor tympani 
muscle, which keeps the tympanic membrane 
tensed. This allows sound vibrations on any 
portion of the tympanic membrane to be trans¬ 
mitted to the malleus, which would not be true 
if the membrane were lax. 

Impedance Matching by the Ossicular Sys¬ 
tem. The amplitude of movement of the stapes 
faceplate with each sound vibration is only 
three-fourths as much as the amplitude of the 
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Figure 19-1. The tympanic membrane, the ossicular 
system of the middle ear, and the inner ear. 
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handle of the malleus. Therefore, the ossicular 
lever system does not amplify the movement 
distance of the stapes, as is commonly believed, 
but instead the system increases the force of 
movement about 1.3 times. However, the sur¬ 
face area of the tympanic membrane is approx¬ 
imately 55 sq. mm., whereas the surface area of 
the stapes averages 3.2 sq. mm. This 17-fold 
difference times the 1.3-fold ratio of the lever 
system, allows all the energy of a sound wave 
impinging on the tympanic membrane to be 
applied to the small faceplate of the stapes, 
causing approximately 22 times as much pres¬ 
sure on the fluid of the cochlea as is exerted by 
the sound wave against the tympanic mem¬ 
brane. Since fluid has far greater inertia than 
air, it is easily understood that increased 
amounts of pressure are needed to cause vibra¬ 
tion in the fluid. Therefore, the tympanic mem¬ 
brane and ossicular system provide impedance 
matching between the sound waves in air and 
the sound vibrations in the fluid of the cochlea. 
Indeed, the impedance matching is probably 50 
to 75 per cent of perfect for sound frequencies 
between 300 to 3000 cycles per second, which 
allows almost full utilization of the energy in the 
incoming sound waves. 

In the absence of the ossicular system and 
tympanum, sound waves can travel directly 
through the air of the middle ear and can enter 
the cochlea at the oval window. However, the 
sensitivity for hearing is then 30 decibels less 
than for ossicular transmission—equivalent to a 
decrease from a very loud shouting voice to a 
barely audible voice level. 

Transmission Characteristics of the Ossicular 
System. Every vibrating system that has inertia and 
that has an elastic component also has a natural fre¬ 
quency at which it can vibrate back and forth most 
easily. This is called its resonant frequency. Since 
the ossicular system does have inertia and since it is 
suspended by elastic ligaments, it has a broadly 
tuned natural resonating frequency between 700 and 
1400 cycles per second. However, the ligaments and 
other structures attached to the ossicles are also vis¬ 
cous, which prevents excessive resonance; this is 
called damping of the vibrations. Because of the 
slight amount of resonance that does occur, sound 
waves of approximately 1200 cycles per second can 
be transmitted through the ossicular system with 
slightly greater ease than can sound waves of other 
frequencies. 

The external auditory canal, because of its dimen¬ 
sions, acts as an air column resonator and has a 
natural resonating frequency of about 3000 cycles per 
second. But here again, the degree of resonance is 
slight and potentiates the 3000 cycle sound only a 
minute amount. 


Combining the resonant effects of the ossicular 
system and of the auditory canal, transmission of 
sound from the air to the cochlea is excellent be¬ 
tween the limits of 600 and 6000 cycles per second 
and fades both above and below these limits. 

Attenuation of Sound by Contraction of the 
Stapedius and Tensor Tympani Muscles. 
When loud sounds are transmitted through the 
ossicular system into the central nervous sys¬ 
tem, a reflex occurs after a latent period of only 
40 milliseconds to cause contraction of both the 
stapedius and tensor tympani muscles. The ten¬ 
sor tympani muscle pulls the handle of the mal¬ 
leus inward while the stapedius muscle pulls the 
stapes outward. These two forces oppose each 
other and thereby cause the entire ossicular sys¬ 
tem to develop a high degree of rigidity, thus 
greatly reducing the transmission of low fre¬ 
quency sound, frequencies below 1000 cycles 
per second, to the cochlea. 

This attenuation reflex can reduce the inten¬ 
sity of sound transmission by as much as 30 to 
40 decibels, which is about the same difference 
as that between a whisper and the sound emit¬ 
ted by a loud speaker. The function of this 
mechanism is probably two-fold: 

1. To protect the cochlea from damaging vi¬ 
brations caused by excessively loud sound. It is 
mainly low-frequency sounds (the ones that are 
attenuated) that are frequently loud enough to 
damage the basilar membrane of the cochlea. 
Unfortunately, because of the 40 or more mil¬ 
lisecond latency for reaction of the reflex, the 
sudden loud thunderous sounds that result from 
explosions can still cause extensive cochlear 
damage. 

2. To mask low-frequency sounds in loud 
environments. This usually removes a major 
share of the background noise and allows a per¬ 
son to concentrate on sounds above 1000 cycles 
per second frequency. It is in this upper- 
frequency range that most voice communica¬ 
tion is achieved. 

Another function of the tensor tympani and 
stapedius muscles is to decrease the person’s 
hearing sensitivity to his own speech. This ef¬ 
fect is activated by collateral signals transmitted 
to these muscles at the same time that his brain 
activates his voice mechanism. 

TRANSMISSION OF SOUND THROUGH 
THE BONE 

Because the inner ear, the cochlea, is embed¬ 
ded in a bony cavity in the temporal bone, vi¬ 
brations of the entire skull can cause fluid vibra¬ 
tions in the cochlea itself. Therefore, under 
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appropriate conditions, a tuning fork or an elec¬ 
tronic vibrator placed on any bony protuber¬ 
ance of the skull causes the person to hear the 
sound if it is intense enough. Unfortunately, the 
energy available even in very loud sound in 
the air is not sufficient to cause hearing through 
the bone except when a special electromechani¬ 
cal sound-transmitting device is applied directly 
to the bone, usually to the mastoid process. 

THE COCHLEA 

FUNCTIONAL ANATOMY OF THE 
COCHLEA 

The cochlea is a system of coiled tubes, 
shown in Figure 19-1 and in cross-section in 
Figure 19-2, with three different tubes coiled 
side by side: the scala vestibiili, the scala 
media, and the scala tympani. The scala ves- 
tibuli and scala media are separated from each 
other by the vestibidar membrane, and the scala 
tympani and scala media are separated from 
each other by the basilar membrane. On the 
surface of the basilar membrane lies a structure, 
the organ of Corti, which contains a series of 
mechanically sensitive cells, the hair cells. 
These are the receptive end-organs that gener¬ 
ate nerve impulses in response to sound vibra¬ 
tions. 

Figure 19-3 illustrates schematically the func¬ 
tional parts of the uncoiled cochlea for trans¬ 
mission of sound vibrations. First, note that the 


Basilar 



Figure 19 - 2 . The cochlea. (From Goss, C. M. (ed.): 
Gray’s Anatomy of the Human Body. Lea & Febiger.) 
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Figure 19 - 3 . Movement of fluid in the cochlea follow¬ 
ing forward thrust of the stapes. 


vestibular membrane is missing from this figure. 
This membrane is so thin and so easily moved 
that it does not obstruct the passage of sound 
vibrations from the scala vestibuli into the scala 
media at all. Therefore, so far as the transmis¬ 
sion of sound is concerned, the scala vestibuli 
and scala media are considered to be a single 
chamber. The importance of the vestibular 
membrane is to maintain a special fluid in the 
scala media that is required for normal function 
of the sound receptive hair cells, as discussed 
later in the chapter. 

Sound vibrations enter the scala vestibuli 
from the faceplate of the stapes at the oval win¬ 
dow. The faceplate covers this window and is 
connected with the window’s edges by a rela¬ 
tively loose annular ligament so that it can move 
inward and outward with the sound vibrations. 
Inward movement causes the fluid to move into 
the scala vestibuli and scala media, which im¬ 
mediately increases the pressure in the entire 
cochlea and causes the round window to bulge 
outward. 

Note from Figure 19-3 that the distal end of 
the scala vestibuli and scala tympani are con¬ 
tinuous with each other by way of the heli- 
cotrema. If the stapes moves inward very 
slowly, fluid from the scala vestibuli is pushed 
through the helicotrema into the scala tympani, 
and this causes the round window to bulge out¬ 
ward. However, if the stapes vibrates inward 
and outward rapidly, the fluid simply does not 
have time to pass all the way to the helicotrema, 
then to the round window, and back again to the 
oval window between each two successive vi¬ 
brations. Instead, the fluid wave takes a 
shortcut through the basilar membrane, causing 
it to bulge back and forth with each sound vibra¬ 
tion. We shall see later that each frequency of 
sound causes a different “pattern” of vibration 
in the basilar membrane and that this is one of 
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the important means by which the sound fre¬ 
quencies are discriminated from each other. 

The Basilar Membrane and Resonance in 
the Cochlea. The basilar membrane contains 
about 20,000 or more basilar fibers that project 
from the bony center of the cochlea, the modi¬ 
olus, toward the outer wall. These fibers are 
stiff, elastic, reedlike structures that are not 
fixed at their distal ends except that they are 
embedded in the basilar membrane. Because 
they are stiff and free at one end, they can vi¬ 
brate like reeds of a harmonica. 

The lengths of the basilar fibers increase 
progressively from the base of the cochlea to 
the helicotrema, from approximately 0.04 mm. 
at the base to 0.5 mm. at the helicotrema, a 
12-fold increase in length. 

The diameters of the fibers, on the other 
hand, decrease from the base to the helico¬ 
trema, so that their overall stiffness decreases 
more than 100-fold. As a result, the stiff, short 
fibers near the base of the cochlea have a ten¬ 
dency to vibrate at a high frequency, whereas 
the long, limber fibers near the helicotrema 
have a tendency to vibrate at a low frequency. 

In addition to the differences in stiffness of 
the basilar fibers, they are also differently 
“loaded” by the fluid mass of the cochlea. That 
is, when a fiber vibrates back and forth, all the 
fluid between the vibrating fiber and the oval 
and round windows must also move back and 
forth at the same time. For a fiber vibrating near 
the base of the cochlea, the total mass of mov¬ 
ing fluid is slight in comparison with that for a 
fiber vibrating near the helicotrema. This differ¬ 
ence, too, favors high frequency vibration near 
the windows and low frequency vibration near 
the tip of the cochlea. 

Thus, high frequency resonance of the basilar 
membrane occurs near the base, and low fre¬ 
quency resonance occurs near the apex because 
of (1) difference in stiffness of the fibers and (2) 
difference in “loading.” 

TRANSMISSION OF SOUND WAVES 
IN THE COCHLEA— 

THE ‘ TRAVELING WAVE^^ 

If the foot of the stapes moves inward instan¬ 
taneously, the round window must also bulge 
outward instantaneously because the cochlea is 
bounded on all sides by bony walls. Since the 
fluid wave will not have time to move all the 
way from the oval window to the helicotrema 
and back to the round window, the initial effect 
is to cause the basilar membrane at the very 


base of the cochlea to bulge in the direction of 
the round window. However, the elastic tension 
that is built up in the basilar fibers as they bend 
toward the round window initiates a wave that 
“travels” along the basilar membrane toward 
the helicotrema, as illustrated in Figure 19-4. 
Figure 19^A shows movement of a high fre¬ 
quency wave down the basilar membrane. Fig¬ 
ure 19-4B a medium frequency wave, and Fig¬ 
ure 19-4C a very low frequency wave. Move¬ 
ment of the wave along the basilar membrane is 
comparable to the movement of a pressure 
wave along the arterial walls, causing pulsation 
in the peripheral arteries, or it is also compara¬ 
ble to the wave that travels along the surface of 
a pond. 

Pattern of Vibration of the Basilar Mem¬ 
brane for Different Sound Frequencies. 

Note in Figure 19-4 the different patterns of 
transmission for sound waves of different fre¬ 
quencies. Each wave is relatively weak at the 
outset but becomes strong when it reaches that 
portion of the basilar membrane that has a 
natural resonant frequency equal to the respec¬ 
tive sound frequency. At this point the basilar 
membrane can vibrate back and forth with such 
great ease that the energy in the wave is com¬ 
pletely dissipated. Consequently, the wave 
ceases at this point and fails to travel the re¬ 
maining distance along the basilar membrane. 
Thus, a high frequency sound wave travels only 
a short distance along the basilar membrane be- 



High frequency 



Medium frequency 



Low frequency 

Figure 19-4. Diagrammatic representation of “traveling 
waves” along the basilar membrane for high, medium, 
and low frequency sounds. 
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fore it reaches its resonant point and dies out; a 
medium frequency sound wave travels about 
halfway and then dies out; and, finally, a very 
low frequency sound wave travels the entire 
distance along the membrane. 

Another feature of the traveling wave is that 
it travels fast along the initial portion of the basi¬ 
lar membrane but progressively more slowly as 
it goes farther and farther into the cochlea. The 
cause of this is the high coefficient of elasticity 
of the basilar fibers near the stapes but a pro¬ 
gressively decreasing coefficient farther along 
the membrane. This rapid initial transmission of 
the wave allows the high frequency sounds to 
travel far enough into the cochlea to spread out 
and separate from each other on the basilar 
membrane. Without this spread, all the high 
frequency waves would be bunched together 
within the first millimeter or so of the basilar 
membrane, and their frequencies could not be 
discriminated one from the other. 

Amplitude Pattern of Vibration of the Basilar 
Membrane. The dashed curves of Figure 
19-5A show the position of a sound wave on the 
basilar membrane when the stapes is all the 
way inward, (b) has moved back to the neutral 
point, (c) is all the way outward, and (d) has 
moved back again to the neutral point but is 
moving inward. The shaded area around these 
different waves shows the maximum extent of 
vibration of the basilar membrane during a 




Figure 19-5. (A) Amplitude pattern of vibration of the 

basilar membrane for a medium frequency sound. (B) 
Amplitude patterns for sounds of all frequencies between 
50 and 8000 per second, showing the points of maximum 
amplitude (the resonance points) on the basilar mem¬ 
brane for the different frequencies. 


Hairs 



Figure 19-6. The organ of Corti, showing especially the 
hair cells and the tectorial membrane against the project¬ 
ing hairs. 


complete vibratory cycle. This is the amplitude 
pattern of vibration of the basilar membrane for 
this particular sound frequency. 

Figure 19-5B shows the amplitude patterns of 
vibration for different frequencies, showing that 
the maximum amplitude for 8000 cycles occurs 
near the base of the cochlea, while that for fre¬ 
quencies of 50 to 100 cycles per second occurs 
near the helicotrema. 

Note in Figure 19-5B that the basal end of the 
basilar membrane vibrates at least weakly for 
all frequencies. However, beyond the resonant 
area for each given frequency, the vibration of 
the basilar membrane cuts off sharply. The 
principal method by which sound frequencies 
are discriminated from each other is based on 
the “place” of maximum stimulation of the 
nerve fibers from the basilar membrane, as will 
be explained in the following section. 

FUNCTION OF THE ORGAN OF CORTI 

The organ of Corti, illustrated in Figures 19-2 
and 19-6, is the receptor organ that generates 
nerve impulses in response to vibration of the 
basilar membrane. Note that the organ of Corti 
lies on the surface of the basilar fibers and basi¬ 
lar membrane. The actual sensory receptors in 
the organ of Corti are two types of hair cells, a 
single row of internal hair cells, numbering 
about 3500 and measuring about 12 microns in 
diameter, and three to four rows of external hair 
cells, numbering about 20,000 and having 
diameters of only about 8 microns. The bases 
and sides of the hair cells are enmeshed by a 
network of cochlear nerve endings. These lead 
to the spiral ganglion of Corti, which lies in the 
modiolus of the cochlea. The spiral ganglion in 
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turn sends axons into the cochlear nerve and 
thence into the central nervous system at the 
level of the upper medulla. The relationship of 
the organ of Corti to the spiral ganglion and to 
the cochlear nerve is illustrated in Figure 19-2. 

Excitation of the Hair Cells. Note in Figure 
19-6 that minute hairs, or cilia, project upward 
from the hair cells and either touch or are em¬ 
bedded in the surface gel coating of the tectorial 
membrane, which lies above the cilia in the 
scala media. These hair cells are similar to the 
hair cells found in the macula and cristae ampul- 
laris of the vestibular apparatus which were dis¬ 
cussed in Chapter 10. Bending of the hairs ex¬ 
cites the hair cells, and this in turn excites the 
nerve fibers enmeshing their bases. 

Figure 19-7 illustrates the mechanism by 
which vibration of the basilar membrane excites 
the hair endings. This shows that the upper ends 
of the hair cells are fixed tightly in a structure 
called the reticular lamina. Furthermore, the 
reticular lamina is very rigid and is continuous 
with a rigid triangular structure called the rods 
of Corti that rests on the basilar fibers. There¬ 
fore, the basilar fiber, the rods of Corti, and the 
reticular lamina all move as a unit. 

Upward movement of the basilar fiber rocks 
the reticular lamina upward and inward. Then, 
when the basilar membrane moves downward, 
the reticular lamina rocks downward and out¬ 
ward. The inward and outward motion causes 
the hairs to sheer back and forth in the tectorial 
membrane, thus exciting the cochlear nerve 
fibers whenever the basilar membrane vibrates. 

Mechanism by which the Hair Cells Excite 
the Nerve Fibers—Receptor Potentials. 
Back-and-forth bending of the hairs causes al¬ 
ternate changes in the electrical potential across 
the hair cell membrane. This alternating poten¬ 
tial is the receptor potential of the hair cell; and 



Figure 19-7. Stimulation of the hair cells by the to-and- 
fro movement of the hairs in the tectorial membrane. 


it in turn stimulates the cochlear nerve endings 
that terminate on the hair cells. Most 
physiologists believe that the receptor potential 
stimulates the endings by direct electrical exci¬ 
tation. 

When the basilar fiber bends toward the scala 
vestibuli (in the upward direction in Figure 
19-7), the hair cell becomes depolarized, and it 
is this depolarization that excites an increased 
number of action potentials in the nerve fiber. 
When the basilar fiber moves in the opposite 
direction, the hair cell becomes hyperpolarized, 
and the number of action potentials decreases. 

The Endocochlear Potential. To explain even more 
fully the electrical potentials generated by the hair 
cells, we need to explain still another electrical 
phenomenon called the endocochlear potential: The 
scala media is filled with a fluid called endolymph in 
contradistinction to the perilymph present in the 
scala vestibuli and scala tympani. The scala vestibuli 
and scala tympani in most young children and in 
some adults communicate directly with the sub¬ 
arachnoid space around the brain, and the perilymph 
is almost identical with cerebrospinal fluid. On the 
other hand, the endolymph that fills the scala media 
is an entirely different fluid probably secreted by the 
stria vascularis, a highly vascular area on the outer 
wall of the scala media. Endolymph contains a very 
high concentration of potassium and a very low con¬ 
centration of sodium, which is exactly opposite to the 
perilymph. 

An electrical potential of approximately 80 mv. 
exists all the time between the endolymph and the 
perilymph, with positivity inside the scala media and 
negativity outside. This is called the endocochlear 
potential, and it is believed to be generated by con¬ 
tinual secretion of positive potassium ions into the 
scala media by the stria vascularis. 

The importance of the endocochlear potential is 
that the tops of the hair cells project through the 
reticular lamina into the endolymph of the scala 
media while perilymph bathes the lower bodies of the 
hair cells. Furthermore, the hair cells have a negative 
intracellular potential —70 millivolts with respect to 
the perilymph, but —150 millivolts with respect to the 
endolymph—that is, at the upper surfaces of the hair 
cells where the hairs project into the endolymph. It is 
believed that this high electrical potential at the hair 
border of the cell greatly sensitizes the cell, thereby 
increasing its ability to respond to slight movement of 
the hairs. 

DETERMINATION OF PITCH—THE 
^TLACE’’ PRINCIPLE 

In the minds of most persons, sound pitch 
and sound frequency are the same thing. How¬ 
ever, the two are slightly different in the follow¬ 
ing way: Pitch is the conscious perception of the 
sound frequency and may not be the same as 
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the true sound frequency. The pitch is espe¬ 
cially likely to deviate from the true sound fre¬ 
quency at both very high and very low frequen¬ 
cies; also, the pitch usually changes slightly as 
the intensity of the sound changes even though 
the frequency remains constant. Yet, from the 
point of view of the following discussion, we 
can still consider the two to be essentially the 
same. 

From earlier discussions in this chapter it is 
already apparent that low pitch (or low fre¬ 
quency) sounds cause maximal activation of the 
basilar membrane near the apex of the cochlea, 
sounds of high pitch (or high frequency) acti¬ 
vate the basilar membrane near the base of the 
cochlea, and intermediate frequencies activate 
the membrane at intermediate distances be¬ 
tween these two extremes. Furthermore, there 
is spatial organization of the cochlear nerve 
fibers from the cochlea to the cochlear nuclei in 
the brain stem, the fibers from each respective 
area of the basilar membrane terminating in a 
corresponding area in the cochlear nuclei. We 
shall see later that this spatial organization con¬ 
tinues all the way up the brain stem to the cere¬ 
bral cortex. The recording of signals from the 
auditory tracts in the brain stem and from the 
auditory receptive fields in the cerebral cortex 
shows that specific neurons are activated by 
specific pitches. Therefore, the primary method 
used by the nervous system to detect different 
pitches is to determine the position along the 
basilar membrane that is most stimulated. This 
is called the place principle for determination of 
pitch. 

Yet, low frequency sounds probably can be dis¬ 
criminated much less accurately in other ways as 
well. For instance, destruction of the apical half of 
the cochlea destroys the basilar membrane where 
low frequency sounds are normally detected, but low 
frequency sounds can still be discriminated from high 
frequency sounds to a slight degree. It is believed 
that the low frequency sounds cause synchronized 
low frequency volleys of impulses that can be distin¬ 
guished from the high frequency signals. 

DETERMINATION OF LOUDNESS 

Loudness is determined by the auditory sys¬ 
tem in at least three different ways: First, as the 
sound becomes louder, the amplitude of vibra¬ 
tion of the basilar membrane and hair cells also 
increases so that the hair cells excite the nerve 
endings at more rapid rates. Second, as the 
amplitude of vibration increases, it causes more 
and more of the hair cells on the fringes of the 
vibrating portion of the basilar membrane to be¬ 


come stimulated, thus causing spatial summa¬ 
tion of impulses—that is, transmission through 
many nerve fibers rather than through a few. 
Third, certain hair cells do not become stimu¬ 
lated until the vibration of the basilar membrane 
reaches a relatively high intensity, and it is be¬ 
lieved that stimulation of these cells in some 
way apprises the nervous system that the sound 
is then very loud. 

Detection of Changes in Loudness—The 
Power Law. It was pointed out in Chapter 48 
that a person interprets changes in intensity of 
sensory stimuli approximately in proportion to 
a power function of the actual intensity. In the 
case of sound, the interpreted sensation 
changes approximately in proportion to the 
cube root of the actual sound intensity. To ex¬ 
press this another way, the ear can discriminate 
changes in sound intensity from the softest 
whisper to the loudest possible noise of approx¬ 
imately one trillion times as much sound 
energy. Yet the ear interprets this much differ¬ 
ence in sound level as approximately a 10,000- 
fold change. Thus, the scale of intensity is 
greatly “compressed” by the sound perception 
mechanisms of the auditory system. This obvi¬ 
ously allows a person to interpret differences in 
sound intensities over an extremely wide range, 
a far broader range than would be possible were 
it not for compression of the scale. 

The Decibel Unit. Because of the extreme 
changes in sound intensities that the ear can 
detect and discriminate, sound intensities are 
usually expressed in terms of the logarithm of 
their actual intensities. A 10-fold increase in 
sound energy (or a VlO-fold increase in sound 
pressure, because energy is proportional to the 
square of pressure) is called 1 bel, and one-tenth 
bel is called 1 decibel. One decibel represents 
an actual increase in intensity of 1.26 times. 

Another reason for using the decibel system 
in expressing changes in loudness is that, in the 
usual sound intensity range for communication, 
the ears can detect approximately a 1 decibel 
change in sound intensity. 

The “Zero” Decibel Reference Level. The usual 
method for expressing the intensity of sound is to 
state the pressure difference between the peak of the 
sound compression wave and the trough of the wave. 
A pressure difference of 1 dyne per square centime¬ 
ter is considered to have unit intensity, and this is 
expressed as zero decibels when converted to the 
decibel scale because the logarithm of one is zero. 
However, it should be remembered that the decibel 
scale is an energy scale —not a pressure scale. Fur¬ 
thermore, energy changes are proportional to the 
square of the pressure changes. Therefore, if the 
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pressure of the sound increases to 10 dynes per 
square centimeter, this will be equivalent to a 100- 
fold increase in sound energy above zero reference 
level. Consequently, the sound intensity will be -F20 
decibels. A 100-fold increase in pressure will change 
the sound intensity to +40 decibels. 

Threshold for Hearing Sound at Different Fre¬ 
quencies. Figure 19-8 shows the energy threshold 
at which sounds of different frequencies can barely 
be heard by the ear. This figure illustrates that a 2000 
cycle per second sound can be heard even when its 
intensity is as low as —70 decibels, which is one 
ten-millionth microwatt/cm.^. On the other hand, a 
100 cycle per second sound can be detected only if its 
intensity is 10,000 times as great as this—that is, at an 
intensity of -30 decibels. 

Frequency Range of Hearing. The frequencies 
of sound that a young person can hear, before aging 
has occurred in the ears, is generally stated to be 
between 30 and 20,000 cycles per second. However, 
referring again to Figure 19-8, we see that the sound 
range depends to a great extent on intensity. If the 
intensity is only —60 decibels, the sound range is 500 
to 5000 cycles per second, but, if the sound intensity 
is —20 decibels, the frequency range is about 70 to 
15,000 cycles per second, and only with intense 
sounds can the complete range of 30 to 20,000 cycles 
be achieved. In old age, the frequency range falls to 
50 to 8,000 cycles per second or less, as is discussed 
later in the chapter. 

CENTRAL AUDITORY 
MECHANISMS 

THE AUDITORY PATHWAY 

Figure 19-9 illustrates the major auditory path¬ 
ways. It shows that nerve fibers from the spiral 
ganglion of the organ of Corti enter the cochlear 
nuclei located in the upper part of the medulla. At 
this point, all the fibers synapse, and second order 



Figure 19-8. Relationship of the threshold of hearing 
and the threshold of somesthetic perception to the sound 
energy level at each sound frequency. (Modified from 
Stevens and Davis: Hearing. John Wiley & Sons.) 



Figure 19-9. The auditory pathway. (Modified from 
Crosby, Humphrey, and Lauer: Correlative Anatomy of 
the Nervous System. The Macmillan Co., 1962.) 


neurons pass mainly to the opposite side of the brain 
stem through the trapezoid body to the superior oli¬ 
vary nucleus. However, some of the second order 
fibers pass ipsilaterally to the superior olivary nu¬ 
cleus on the same side. Most of the fibers entering the 
superior olivary nucleus on either side terminate 
here, but some pass on through this nucleus. From 
the superior olivary nucleus the auditory pathway 
then passes upward through the lateral lemniscus, 
and many of the fibers terminate in the nucleus of the 
lateral lemniscus, but many also bypass this nucleus 
and pass on to the inferior colliculus where most ter¬ 
minate; a few pass on without terminating to higher 
levels. A few fibers cross from the nucleus of the 
lateral lemniscus through the commissure of Probst 
to the contralateral nucleus, and still other fibers 
cross through the inferior collicular commissure from 
one inferior colliculus to the other. From the inferior 
colliculus, the pathway passes through the peduncle 
of the inferior colliculus to the medial geniculate nu¬ 
cleus, where all the fibers synapse. From here, the 
auditory tract spreads by way of the auditory radia¬ 
tion to the auditory cortex located mainly in the 
superior temporal gyrus. 

Several points of importance in relation to the 
auditory pathway should be noted. First, im¬ 
pulses from either ear are transmitted through 
the auditory pathways of both sides of the brain 
stem with only slight preponderance of trans¬ 
mission in the contralateral pathway. In at least 
three different places in the brain stem 
crossing-over occurs between the two path¬ 
ways: (a) in the trapezoid body, (b) in the com- 
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missure of Probst, and (c) in the commissure 
connecting the two inferior colliculi. 

Second, many collateral fibers from the au¬ 
ditory tracts pass directly into the reticular ac¬ 
tivating system of the brain stem. This system 
projects diffusely upward into the cerebral cor¬ 
tex and downward into the spinal cord. 

Third, the pathway for transmission of sound 
impulses from the cochlea to the cortex consists 
of at least four neurons and sometimes as many 
as six. Neurons may or may not synapse in the 
superior olivary nuclei, in the nuclei of the lat¬ 
eral lemniscus, and in the inferior colliculi. 
Therefore, some of the tracts are more direct 
than others, which means that some impulses 
arrive at the cortex well ahead of others even 
though they might have originated at exactly the 
same time. 

Fourth, several important pathways also 
exist from the auditory system into the cerebel¬ 
lum: (a) directly from the cochlear nuclei, (b) 
from the inferior colliculi, (c) from the reticular 
substance of the brain stem, and (d) from the 
cerebral auditory areas. These activate the 
cerebellar vermis instantaneously in the event 
of a sudden noise. 

Fifth, a high degree of spatial orientation is 
maintained in the fiber tracts from the cochlea 
all the way to the cortex. In fact, there are three 
different spatial representations of sound fre¬ 
quencies in the cochlear nuclei, two representa¬ 
tions in the inferior colliculi, one very precise 
representation for discrete sound frequencies in 
the auditory cortex, and several less precise 
representations in the auditory association 
areas. 

Firing Rates at Different Levels of the Auditory 
Tract. Single nerve fibers entering the cochlear 
nuclei from the eighth nerve can fire at rates up to 
1000 per second, the rate being determined mainly by 
the loudness of the sound. At low sound frequencies, 
the nerve impulses are usually synchronized with the 
sound waves but they do not necessarily occur with 
every wave. 

In the auditory tracts of the brain stem, the firing is 
usually no longer synchronized with the sound fre¬ 
quency except at sound frequencies below 200 cycles 
per second. Furthermore, the firing rates are often 
considerably different from those in the eighth nerve. 
These findings demonstrate that the sound signals are 
not transmitted unchanged directly from the ear to 
the higher levels of the brain; instead, information 
from the sound signals begins to be dissected from 
the impulse traffic at levels as low as the cochlear 
nuclei. We will have more to say about this later, 
especially in relation to perception of direction from 
which sound comes. 

Another significant feature of the auditory path¬ 


ways is that low rates of impulse firing continue even 
in the absence of sound all the way from the cochlear 
nerve fibers to the auditory cortex. When the basilar 
membrane moves toward the scala vestibuli, the im¬ 
pulse traffic increases; and when the basilar mem¬ 
brane moves toward the scala tympani, the impulse 
traffic decreases. Thus, the presence of this 
backgi'ound signal allows information to be transmit¬ 
ted from the basilar membrane when the membrane 
moves in either direction: positive information in one 
direction and negative information in the opposite 
direction. Were it not for the background signal, only 
the positive half of the information could be transmit¬ 
ted. This type of so-called “carrier wave” method 
for transmitting information is utilized in many parts 
of the brain, as has been discussed in several of the 
preceding chapters. 

Function of the Auditory Relay Nuclei. 

Very little is known about the function of the 
different nuclei in the auditory pathway. How¬ 
ever, cats and even monkeys can still detect 
barely threshold sounds when the cerebral cor¬ 
tex is removed bilaterally, which indicates that 
the nuclei in the brain stem and thalamus can 
perform many auditory functions even without 
the cerebral cortex. However, discrimination of 
pitch and tonal patterns is considerably im¬ 
paired. In man, bilateral destruction of the cor¬ 
tical auditory centers probably gives a different 
picture: it is said to cause almost total deafness; 
unfortunately, this has not been studied 
adequately. This indicates that in man, how¬ 
ever, the elements of the lower centers might be 
greatly suppressed. 

One of the important features of auditory 
transmission through the relay nuclei is the spa¬ 
tial orientation of the pathways for sounds of 
different frequencies. For instance, in the dor¬ 
sal cochlear nucleus, high frequencies are rep¬ 
resented along the medial edge while low fre¬ 
quencies are represented along the lateral edge, 
and a similar type of spatial orientation occurs 
throughout the auditory pathway as it travels 
upward to the cortex. 

FUNCTION OF THE CEREBRAL 
CORTEX IN HEARING 

The projection of the auditory pathway to the 
cerebral cortex is illustrated in Figure 19-10, 
which shows that the auditory cortex lies prin¬ 
cipally on the siipratemporal plane of the 
superior temporal gyrus but also extends over 
the lateral border of the temporal lobe, over 
much of the insular cortex, and even into the 
most lateral portion of the parietal operculum. 

Two separate areas are shown in Figure 
19-10; the primary auditory cortex and the au- 
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ditory association cortex. The primary auditory 
cortex is directly excited by projections from 
the medial geniculate body, while the auditory 
association areas are usually excited secondar¬ 
ily by impulses from the primary auditory cor¬ 
tex and by projections from thalamic associa¬ 
tion areas adjacent to the medial geniculate 
body. 

Locus of Sound Frequency Perception in 
the Primary Auditory Cortex. Certain parts 
of the primary auditory cortex are known to 
respond to high frequencies and other parts to 
low frequencies. In monkeys, the posterior part 
of the supratemporal plane responds to high 
frequencies, while the anterior part responds to 
low frequencies. Presumably, the same fre¬ 
quency localization occurs in the human cortex 
but this is yet unproven. 

The frequency range to which each individual 
neuron in the auditory cortex responds is much 
narrower than that in the cochlear and brain 
stem relay nuclei. Referring back to Figure 
19-5B, we note that the basilar membrane near 
the base of the cochlea is stimulated by all fre¬ 
quency sounds, and in the cochlear nuclei this 
same breadth of sound representation is found. 
Yet by the time the excitation has reached the 
cerebral cortex, each sound-responsive neuron 
responds to only a narrow range of frequencies 
rather than to a broad range. Therefore, some¬ 


where along the pathway processing mech¬ 
anisms in some way “sharpen” the frequency 
response. It is believed that this sharpening ef¬ 
fect is caused mainly by the phenomenon of lat¬ 
eral inhibition, which was discussed in Chapter 
5 in relation to mechanisms for transmitting 
information in nerves. That is, stimulation of 
the cochlea at one frequency causes inhibition 
of signals caused by sound frequencies on either 
side of the stimulated frequency, this effect re¬ 
sulting from collateral fibers angling off the 
primary signal pathway and exerting inhibitory 
influences on adjacent pathways. The same ef¬ 
fect has also been demonstrated to be important 
in sharpening patterns of somesthetic images, 
visual images, and other types of sensations. 

Some of the neurons in the auditory cortex, 
especially in the auditory association cortex, do 
not respond at all to sounds in the ear. It is 
believed that these neurons “associate” differ¬ 
ent sound frequencies with each other or as¬ 
sociate sound information with information 
from other sensory areas of the cortex. Indeed, 
the parietal portion of the auditory association 
cortex partly overlaps somatic sensory area II, 
which could provide easy opportunity for as¬ 
sociation of auditory information with somatic 
sensory information. 

Discrimination of Sound “Patterns” by the 
Auditory Cortex. Complete bilateral removal 
of the auditory cortex does not prevent an ani¬ 
mal from detecting sounds or reacting in a crude 
manner to the sounds. However, it does greatly 
reduce or sometimes even abolish his ability to 
discriminate different sound pitches and espe¬ 
cially patterns of sound. For instance, an ani¬ 
mal that has been trained to recognize a combi¬ 
nation or sequence of tones, one following the 
other in a particular pattern, loses this ability 
when the auditory cortex is destroyed, and, 
furthermore, he cannot relearn this type of re¬ 
sponse. Therefore, the auditory cortex is impor¬ 
tant in the discrimination of tonal patterns. 

In the human being, lesions affecting the au¬ 
ditory association areas but not affecting the 
primary auditory cortex will allow the person 
full capability to hear and differentiate sound 
tones as well as to interpret at least a few simple 
patterns of sound. However, he will often be 
completely unable to inteipret the meaning of 
the sound that he hears. For instance, lesions in 
the posterior portion of the superior temporal 
gyrus often make it impossible for the person to 
interpret the meanings of words even though he 
hears them perfectly well and can often even 
repeat them; all the time, however, he does not 
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know the meaning of the words. These func¬ 
tions of the auditory association areas and their 
relationship to the overall intellectual functions 
of the brain were discussed in detail in Chapter 
13. 

DISCRIMINATION OF DIRECTION 
FROM WHICH SOUND EMANATES 

A person determines the direction from 
which sound emanates by at least two different 
mechanisms: (1) by the time lag between the 
entry of sound into one ear and into the oppo¬ 
site ear and (2) by the difference between the 
intensities of the sounds in the two ears. The 
first mechanism functions best for frequencies 
below 3000 cycles per second, and the intensity 
mechanism operates best at higher frequencies 
because the head acts as a sound barrier at 
these frequencies. The time lag mechanism dis¬ 
criminates direction much more exactly than 
the intensity mechanism, for the time lag mech¬ 
anism does not depend on extraneous factors 
but only on an exact interval of time between 
two acoustical signals. If a person is looking 
straight toward the sound, the sound reaches 
both ears at exactly the same instant, while, if 
the right ear is closer to the sound than the left 
ear, the sound signals from the right ear are 
perceived ahead of those from the left ear. 

If a sound emanates from the right side 45 
degrees from the frontal direction and if still a 
second sound emanates also from the right but 
45 degrees from behind, the difference in time 
of arrival of the two sounds at the two ears will 
be exactly the same. For this reason, it is 
difficult to distinguish whether the sound is 
originating from the frontal or the posterior 
quadrant. The principal method by which a per¬ 
son determines this is to rotate his head quickly. 
If he turns his head toward the right when the 
sound is coming from the frontal quadrant, the 
time lag between the two ears becomes smaller. 
If the sound is originating from the posterior 
quadrant, the time lag becomes greater. A sud¬ 
den sound that occurs so rapidly that the person 
does not have time to move his head often can¬ 
not be properly localized to the frontal or pos¬ 
terior quadrant. 

Neural Mechanisms for Detecting Sound 
Direction. Destruction of the auditory cortex 
on both sides of the brain, in either man or 
lower mammals, causes loss of almost all ability 
to detect the direction from which sound 
comes. Yet, the mechanism for this detection 
process begins in the superior olivary nuclei. 


even though it requires the neural pathways all 
the way from these nuclei to the cortex for in¬ 
terpretation of the signals. The mechanism is 
believed to be the following: 

When the sound enters one ear slightly before 
it enters the other ear, it excites the neurons in 
the medial portion of the contralateral superior 
olivary nucleus but, at the same time, it inhibits 
the neurons in the ipsilateral superior olivary 
nucleus, and this inhibition lasts for a fraction of 
a millisecond. Therefore, for a short period of 
time after the sound reaches the first ear, the 
pathway for sound coming from the second ear 
is in an inhibited state. Furthermore, certain 
neurons of the medial superior olivary nuclei 
have longer time lags of inhibition than do other 
portions. Therefore, when the sound signal 
from the second ear enters the inhibited supe¬ 
rior olivary nucleus, the signal will pass up the 
auditory pathway through some of the neurons 
but not through others. And the specific neu¬ 
rons through which the signal passes are deter¬ 
mined by the time-interval of the sound be¬ 
tween the two ears. Thus, a spatial pattern of 
neuronal stimulation develops, with the short 
lagging sounds stimulating one set of neurons 
maximally and the long lagging sounds stimulat¬ 
ing another set of neurons maximally. This spa¬ 
tial orientation of signals is then transmitted all 
the way to the auditory cortex where sound di¬ 
rection is determined by the locus in the cortex 
that is stimulated maximally. It is believed that 
the signals for determining sound direction are 
transmitted through a slightly different pathway 
and that this pathway terminates in the cerebral 
cortex in a slightly different locus from the 
transmission pathway and the termination locus 
of the tonal patterns of sound. 

This mechanism for detection of sound direc¬ 
tion indicates again how the information in sen¬ 
sory signals is dissected out as the signals pass 
through different levels of neuronal activity. In 
this case, the “quality” of sound direction is 
separated from the “quality” of sound tones at 
the level of the superior olivary nuclei. 

CENTRIFUGAL CONDUCTION 
OF IMPULSES FROM THE 
CENTRAL NERVOUS SYSTEM 

Retrograde pathways have been demonstrated at 
each level of the central nervous system all the way 
from the auditory cortex to the cochlea. The final 
pathway is mainly from the superior olivary nucleus 
to the organ of Corti. 

These retrograde fibers are inhibitory. Indeed, di¬ 
rect stimulation of discrete points in the olivary nu- 
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cleus have been shown to inhibit specific areas of the 
organ of Corti, reducing their sound sensitivities as 
much as 15 to 20 decibels. One can readily under¬ 
stand how this could allow a person to direct his 
attention to sounds of particular qualities while re¬ 
jecting sounds of other qualities. This is readily dem¬ 
onstrated when one listens to a single instrument in a 
symphony orchestra. 

HEARING ABNORMALITIES 

TYPES OF DEAFNESS 

Deafness is usually divided into two types; first, 
that caused by impairment of the cochlea or auditory 
nerve, which is usually classed under the heading 
“nerve deafness,” and, second, that caused by im¬ 
pairment of the middle ear mechanisms for transmit¬ 
ting sound into the cochlea, which is usually called 
“conduction deafness.” Obviously, if either the 
cochlea or the auditory nerve is completely de¬ 
stroyed the person is permanently deaf. However, if 
the cochlea and nerve are still intact but the ossicular 
system has been destroyed or ankylosed (“frozen” 
in place by fibrosis or calcification), sound waves can 
still be conducted into the cochlea by means of bone 
conduction. 

Tuning Fork Test for Differentiation Between 
Nerve Deafness and Conduction Deafness. To test 
an ear for bone conduction with a tuning fork, one 
places a vibrating fork in front of the ear and the 
subject listens to the tone of the fork until he can no 
longer hear it. Then the butt of the still weakly vibrat¬ 
ing fork is immediately placed against the mastoid 
process. If his bone conduction is better than his air 
conduction, he will again hear the sound of the tuning 
fork. If this occurs, his deafness may be considered 
to be conduction deafness. However, if on placing 
the butt of the fork against the mastoid process he 
cannot hear the sound of the tuning fork, his bone 
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Figure 19-11. Audiogram of the old-age type of nerve 
deafness. 
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Figure 19-12. Audiogram of deafness resulting from 
middle ear sclerosis. 


conduction is probably decreased as much as his air 
conduction, and the deafness is presumably due to 
damage in the cochlea or in the nervous system rather 
than in the ossicular system—that is, it is nerve deaf¬ 
ness. 

The Audiometer. To determine the nature of 
hearing disabilities more exactly than can be ac¬ 
complished by the above method, the “audiometer” 
is used. This is simply an earphone connected to an 
electronic oscillator capable of emitting pure tones 
ranging from low frequencies to high frequencies. 
Based on previous studies of normal persons, the in¬ 
strument is calibrated so that the zero intensity level 
of sound at each frequency is the loudness that can 
barely be heard by the normal person. However, a 
calibrated volume control can be changed to increase 
or decrease the loudness of each tone above or below 
the zero level. If the loudness of a tone must be in¬ 
creased to 30 decibels above normal before the sub¬ 
ject can hear it, he is said to have a hearing loss of 30 
decibels for that particular tone. 

In performing a hearing test using an audiometer, 
one tests approximately 8 to 10 tones one at a time 
covering the auditory spectrum, and the hearing loss 
is determined for each of these tones. Then the so- 
called “audiogram” is plotted as shown in Figures 
19-11 and 19-12, depicting the hearing loss for each 
of the tones in the auditory spectrum. 

The audiometer, in addition to being equipped with 
an earphone for testing air conduction by the ear, is 
also equipped with an electronic vibrator for testing 
bone conduction from the mastoid process into the 
cochlea. 

The Audiogram in Nerve Deafness. If a person has 
nerve deafness—this term including damage to the 
cochlea, to the auditory nerve, or to the central nerv¬ 
ous system circuits from the ear—he has lost the abil¬ 
ity to hear sound as tested by both the air conduction 
apparatus and the bone conduction apparatus. An 
audiogram depicting nerve deafness is illustrated in 
Figure 19-11. In this figure the deafness is mainly for 
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high frequency sound. Such deafness could be caused 
by damage to the base of the cochlea. This type of 
deafness occurs to some extent in almost all older 
persons. 

The Audiogram in Conduction Deafness. A second 
and frequent type of deafness is that caused by 
fibrosis of the middle ear following repeated infection 
in the middle ear or in the hereditary disease called 
otosclerosis. In this instance the sound waves cannot 
be transmitted easily to the oval window. Figure 
19-12 illustrates an audiogram from a person with 
“middle ear deafness” of this type. In this case the 
bone conduction is essentially normal, but air con¬ 
duction is greatly depressed at all frequencies, more 
so at the low frequencies. In this type of deafness, the 
faceplate of the stapes frequently becomes “an- 
kylosed” by bony overgrowth to the edges of the oval 
window. In this case, the person becomes totally deaf 
for air conduction; but he can be made to hear again 
almost normally by removing the stapes and replac¬ 
ing it with a minute teflon or metal prosthesis that 
transmits the sound from the incus to the oval win¬ 
dow. 
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The Chemical Senses 
Taste and Smell 


THE SENSE OF TASTE 

Taste is a function of the taste buds in the 
mouth, and its importance lies in the fact it al¬ 
lows the person to select his food in accord with 
his desires and perhaps also in accord with the 
needs of the tissues for specific nutritive sub¬ 
stances. 

On the basis of psychologic studies, there are 
generally believed to be at least four primary 
sensations of taste: sour, salty, sweet, and bit¬ 
ter. Yet we know that a person can perceive 
literally hundreds of different tastes. These are 
all supposed to be combinations of the four 
primary sensations in the same manner that all 
the colors of the spectrum are combinations of 
three primary color sensations, as described in 
Chapter 17. However, there might be other less 
conspicuous classes or subclasses of primary 
sensations. Nevertheless, the following discus¬ 
sion is based on the usual classification of only 
four primary tastes. 

THE PRIMARY SENSATIONS OF TASTE 

The Sour Taste. The sour taste is caused by 
acids, and the intensity of the taste sensation is 
approximately proportional to the logarithm of 
the hydrogen ion concentration. That is, the 
more acidic the acid, the stronger becomes the 
sensation. 

The Salty Taste. The salty taste is elicited 
by ionized salts. The quality of the taste varies 
somewhat from one salt to another because the 
salts also elicit other taste sensations besides 
saltiness. The cations of the salts are mainly 


reponsible for the salty taste, but the anions 
also contribute at least to some extent. 

The Sweet Taste. The sweet taste is not 
caused by any single class of chemicals. A list 
of some of the types of chemicals that cause this 
taste includes: sugars, glycols, alcohols, al¬ 
dehydes, ketones, amides, esters, amino acids, 
sulfonic acids, halogenated acids, and inorganic 
salts of lead and beryllium. Note specifically 
that almost all the substances that cause a sweet 
taste are organic chemicals; the only inorganic 
substances that elicit the sweet taste at all are 
certain salts of lead and beryllium. 

Table 20-1 shows the relative intensities of 
taste of certain substances that cause the sweet 
taste. Sucrose, which is common table sugar, is 
considered to have an index of 1. Note that one 
of the substances has a sweet index 5000 times 
as great as that of sucrose. However, this ex¬ 
tremely sweet substance, known as P-4000, is 
unfortunately extremely toxic and therefore 
cannot be used as a sweetening agent. Saccha¬ 
rin, on the other hand, is also more than 600 
times as sweet as common table sugar, and 
since it is not toxic it can be used with impunity 
as a sweetening agent. 

The Bitter Taste. The bitter taste, like the 
sweet taste, is not caused by any single type of 
chemical agent, but, here again, the substances 
that give the bitter taste are almost entirely or¬ 
ganic substances. Two particular classes of 
substances are especially likely to cause bitter 
taste sensations, (1) long chain organic sub¬ 
stances and (2) alkaloids. The alkaloids include 
many of the drugs used in medicines such as 
quinine, caffeine, strychnine, and nicotine. 
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TABLE 20-1. Relative Taste Indices of Different Substances 


Sour Substances 

Index 

Bitter Substances 

Index 

Sweet Substances 

Index 

Salty 

Substances 

Index 

Hydrochloric acid 

1 

Quinine 

1 

Sucrose 

1 

NaCl 

1 

Formic acid 

1.1 

Brucine 

11 

l-propoxy- 2 -amino- 


■NaF 

2 

Chloracetic acid 

0.9 

Strychnine 

3.1 

4-nitrobenzene 

5000 

CaCL 

1 

Acetyllactic acid 

0.85 

Nicotine 

1.3 

Saccharin 

675 

.NaBr 

0.4 

Lactic acid 

0.85 

Phenylthiourea 

0.9 

Chloroform 

40 

Nal 

0.35 

Tartaric acid 

0.7 

Caffeine 

0.4 

Fructose 

1.7 

LiCl 

0.4 

Malic acid 

0.6 

Veratrine 

0.2 

Alanine 

1.3 

NH 4 CI 

2.5 

Potassium H tartrate 

0.58 

Pilocarpine 

0.16 

Glucose 

0.8 

KCl 

0.6 

Acetic acid 

0.55 

Atropine 

0.13 

Maltose 

0.45 



Citric acid 

0.46 

Cocaine 

0.02 

Galactose 

0.32 



Carbonic acid 

0.06 

Morphine 

0.02 

Lactose 

0.3 




From Derma: Proc. Oklahoma Acad. Sc., 27:9, 1947; and Pfaffman: Handbook of Physiology, Sec. I, Vol. I, p. 507, 1959. Baltimore, The 
Williams & Wilkins Co. 


Some substances that at first taste sweet have 
a bitter after-taste. This is true of saccharin, 
which makes this substance objectionable to 
some people. Some substances have a sweet 
taste on the front of the tongue, where taste 
buds with special sensitivity to the sweet taste 
are principally located, and a bitter taste on the 
back of the tongue, where taste buds more sen¬ 
sitive to the bitter taste are located. 

The bitter taste, when it occurs in high inten¬ 
sity, usually causes the person or animal to re¬ 
ject the food. This is undoubtedly an important 
purposive function of the bitter taste sensation 
because many of the deadly toxins found in 
poisonous plants are alkaloids, and these all 
cause an intensely bitter taste. 

Threshold for Taste 

The threshold for stimulation of the sour taste 
by hydrochloric acid averages 0.0009 N; for 
stimulation of the salty taste by sodium 
chloride: 0.01 M; for the sweet taste by sucrose: 
0.01 M; and for the bitter taste by quinine: 
0.000008 M. Note especially how much more 
sensitive is the bitter taste sense to stimuli than 
all the others, which would be expected since 
this sensation provides an important protective 
function. 

Table 20-1 gives the relative taste indices (the 
reciprocals of the taste thresholds) of different 
substances. In this table, the intensities of the 
four different primary sensations of taste are 
referred, repectively, to the intensities of taste 
of hydrochloric acid, quinine, sucrose, and 
sodium chloride, each of which is considered to 
have a taste index of 1 . 

Taste Blindness. Many persons are taste blind 


for certain substances, especially for different types 
of thiourea compounds. A substance used frequently 
by psychologists for demonstrating taste blindness is 
phenylthioccirbamide, for which approximately 15 to 
30 per cent of all people exhibit taste blindness, the 
exact percentage depending on the method of testing. 

THE TASTE BUD AND ITS FUNCTION 

Figure 20-1 illustrates a taste bud, which has 
a diameter of about V 30 millimeter and a length 
of about V 16 millimeter. The taste bud is com¬ 
posed of about 40 modified epithelial cells called 
taste cells. These cells are continually being re¬ 
placed by mitotic division from the surrounding 
epithelial cells so that some are young cells and 
others mature cells that lie toward the center of 
the bud and soon dissolute. The life span of 
each taste cell is about ten days. 

The outer tips of the taste cells are arranged 
around a minute taste pore, shown in Figure 



Figure 20-1. The taste bud. 
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20-1. From the tip of each cell, several mi¬ 
crovilli, or taste hairs, about 2 to 3 microns in 
length and 0.2 micron in width, protrude out¬ 
ward through the taste pore to approach the 
cavity of the mouth. These microvilli are be¬ 
lieved to provide the receptor surface for taste. 

Interwoven among the taste cells is a branch¬ 
ing terminal network of several taste nerve 
fibers that are stimulated by the taste cells. 
These fibers invaginate deeply into folds of the 
taste cell membranes, so that there is extremely 
intimate contact between the taste cells and the 
nerves. Several taste buds can be innervated by 
the same taste fiber. 

An interesting feature of the taste buds is that 
they completely degenerate when the taste 
nerve fibers are destroyed. Then, if the taste 
fibers regrow to the epithelial surface of the 
mouth, the local epithelial cells regroup them¬ 
selves to form new taste buds. This illustrates 
the important principle of “trophic” function of 
nerve fibers in certain parts of the body. The 
cause of the tropism is unknown, but it has been 
postulated to be a protein trophic factor se¬ 
creted by the nerve endings. 

Location of the Taste Buds. The taste buds are 
found on three out of four different types of papillae 
of the tongue, as follows: (1) A large number of taste 
buds are on the walls of the troughs that surround the 
circLimvallate papillae, which form a V line toward 
the posterior of the tongue. (2) Moderate numbers of 
taste buds are on the fungiform papillae over the 
front surface of the tongue. (3) Moderate numbers 
are on the foliate papillae located in the folds along 
the posterolateral surfaces of the tongue. Additional 
taste buds are located on the palate and a few on the 
tonsillar pillars and at other points around the 
nasopharynx. Adults have approximately 10,000 
taste buds, and children a few more. Beyond the age 
of 45 many taste buds rapidly degenerate causing the 
taste sensation to become progressively less critical. 

Especially important in relation to taste is the 
tendency for taste buds subserving particular pri¬ 
mary sensations of taste to be localized in special 
areas. The sweet taste is localized principally on the 
anterior surface and tip of the tongue, the salty and 
sour tastes on the two lateral sides of the tongue, and 
the bitter taste on the circumvallate papillae on the 
posterior of the tongue. 

Specificity of Taste Buds for the Primary 
Taste Stimuli. In the foregoing paragraphs we 
have discussed taste buds as if each responded 
to a particular type of taste stimulus and not to 
other taste stimuli. In a statistical sense this is 
true, but so far as any single taste bud is con¬ 
cerned, it is not true, for most taste buds re¬ 
spond to varying extents to at least three and 
usually to all four of the primary taste stimuli. 


Figure 20-2 illustrates the responsiveness of 
four different taste buds to the different primary 
tastes. Figure 20-2A illustrates a bud respon¬ 
sive to all four types of taste stimuli, but espe¬ 
cially to saltiness. Figure 20-2B illustrates a 
taste bud strongly responsive to sourness and 
saltiness but also responsive to a moderate de¬ 
gree to both bitterness and sweetness. 
Likewise, Figures 20-2C and 20-2D illustrate 
responsive characteristics of two other taste 
buds. 

Detection of Different Sensations of Taste by the 
Taste Buds. Since each taste bud responds to 
multiple primary taste stimuli, it is difficult to 
understand how a person perceives the different 
primary taste sensations independently of each 
other. However, a theory attempting to explain 
this is the following: Some area in the nervous 
system presumably is capable of detecting the 
ratios of stimulation of the different types of 
taste buds. For the sweet taste, a taste bud that 
responds strongly to sweet stimuli will transmit 
a stronger signal than will a taste bud that re¬ 
sponds only weakly to the sweet taste. Thus, 
the ratio of the signal strength from the first bud 
to the signal strength from the second is high, 
and it is this ratio that elicits the sweet taste. 
Likewise, other ratios from other taste buds will 
theoretically be perceived as salty, sour, and 
bitter tastes. 

Tastes besides the four primary tastes obvi¬ 
ously would be detected as still other ratios of 
stimulation of the different taste buds, thus giv- 



Figure 20-2. Specific responsiveness of four different 
types of taste buds, showing multiple stimulation by the 
different primary sensations of taste in the case of each of 
the taste buds. 
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ing all the different gradations of taste sensa¬ 
tions that are known to occur. 

Mechanism of Stimulation of Taste Buds. 
The Receptor Potential. The membrane of the 
taste cell, like that of other sensory receptor 
cells, normally is negatively charged on the in¬ 
side with respect to the outside. Application of 
a taste substance to the taste hairs causes par¬ 
tial loss of this negative potential. The decrease 
in potential, within a wide range, is approxi¬ 
mately proportional to the logarithm of con¬ 
centration of the stimulating substance. This 
change in potential in the taste cell is the recep¬ 
tor potential for taste. 

The mechanism by which the stimulating 
substance reacts with the taste hairs to initiate 
the receptor potential is unknown. It is believed 
by some physiologists that the substance is 
simply adsorbed to receptors on the surface of 
the taste hair and that this adsorption changes 
the physical characteristics of the hair mem¬ 
brane. This in turn makes the taste cell more 
permeable to ions and thus depolarizes the cell. 
The substance is gradually washed away from 
the taste hair by the saliva, thus removing the 
taste stimulus. Supposedly, the type of receptor 
substance or substances in each taste hair de¬ 
termine the types of taste substances that will 
elicit responses. 

Generation of Nerve Impulses by the Taste 
Bud. The taste nerve fiber endings are encased 
by folds of the taste cell membranes. In some 
way not understood the receptor potentials of 
the taste cells generate impulses in the taste 
fibers. On first application of the taste stimulus, 
the rate of discharge of the nerve fibers rises to 
a peak in a small fraction of a second, but then it 
adapts within the next 2 seconds back to a much 
lower steady level. Thus, a strong immediate 
signal is transmitted by the taste nerve, and a 
much weaker continuous signal is transmitted 
as long as the taste bud is exposed to the taste 
stimulus. 

TRANSMISSION OF TASTE 
SIGNALS INTO THE 
CENTRAL NERVOUS SYSTEM 

Figure 20-3 illustrates the neuronal pathways 
for transmission of taste sensations from the 
tongue and pharyngeal region into the central 
nervous system. Taste impulses from the an¬ 
terior two thirds of the tongue pass first into the 
fifth nerve and then through the chorda tyrnpani 
into the seventh nerve, thence into the tractus 
solitarias in the brain stem. Taste sensations 
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Figure 20-3. Transmission of taste impulses into the 
central nervous system. 


from the circumvallate papillae on the back of 
the tongue and from other posterior regions of 
the mouth are transmitted through the ninth 
nerve also into the tractus solitarius but at a 
slightly lower level. Finally, a few taste im¬ 
pulses are transmitted into the tractus solitarius 
from the base of the tongue and other parts of 
the pharynegeal region by way of the vagus 
nerve. All taste fibers synapse in the nuclei of 
the tractus solitarius and send second order 
neurons to a small area of the thalamus located 
slightly medial to the thalamic terminations of 
the facial regions of the dorsal column-medial 
lemniscal system. From the thalamus, third 
order neurons are believed to be transmitted to 
the parietal opercular-insular area of the cere¬ 
bral cortex. This lies at the very lateral margin 
of the postcentral gyrus in the sylvian fissure in 
close association with, or even superimposed 
on, the tongue area of somatic area I. 

From this description of the taste pathways, 
it immediately becomes evident that they paral¬ 
lel closely the somatic pathways from the 
tongue. 

Taste Reflexes. From the tractus solitarius 
a large number of impulses are transmitted di¬ 
rectly into the superior and inferior salivatory 
nuclei, and these in turn transmit impulses to 
the submaxillary and parotid glands to help con¬ 
trol the secretion of saliva during the ingestion 
of food. 

Adaptation of Taste. Everyone is familiar 
with the fact that taste sensations adapt rapidly. 
Yet, from electrophysiological studies of taste 
nerve fibers, it seems that the taste buds them¬ 
selves do not adapt enough by themselves to 
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account for all or most of the taste adaptation. 
They have a rapid period of adaptation during 
the first 2 to 3 seconds after contact with the 
taste stimulus. The first burst of impulses from 
the taste bud allows one to detect extremely 
minute concentrations of taste substances, but 
normal concentrations of taste substances 
cause prolonged discharge of the taste fibers. 
Therefore, the progressive adaptation that oc¬ 
curs in the sensation of taste has been pos¬ 
tulated to occur in the central nervous system 
itself, though the mechanism and site of this is 
not known. If this is true—and it is still 
questionable—it is a mechanism that is different 
from that of other sensory systems, which adapt 
almost entirely in the receptors. 

SPECIAL ATTRIBUTES OF 
THE TASTE SENSE 

Affective Nature of Taste. Pleasantness and un¬ 
pleasantness are called the “affective” attributes of 
a sensation. Figure 20-4 illustrates the affective ef¬ 
fects of different types of taste at different concen¬ 
trations of the stimulating substances, showing, 
strangely enough, that the sweet taste is likely to be 
unpleasant at a very low concentration but very 
pleasant at high concentrations. The other types of 
taste, on the other hand, are likely to be pleasant at 
low concentrations but exceedingly unpleasant at 
high concentrations. This is particularly true of the 
I bitter taste. 

Importance of the Sense of Smell in Taste. Per¬ 
sons with severe colds frequently state that they have 
lost their sense of taste. However, on testing the 



Figure 20-4. The affective nature of the different pri¬ 
mary sensations of taste at progressively increasing de¬ 
grees of taste stimulus. (From Engel in Woodworth and 
Schlosberg: Experimental Psychology. Holt, Rinehart & 
Winston, Inc., 1954.) 


taste sensations, these are found to be completely 
normal. This illustrates that much of what we call 
taste is actually smell. Odors from the food can pass 
upward into the nasopharynx, often stimulating the 
olfactory system thousands of times as strongly as 
the taste system. For instance, if the olfactory sys¬ 
tem is intact, alcohol can be “tasted” in Vso.ooo the 
concentration required when the olfactory system is 
not intact. 

Taste Preference and Control of the Diet. Taste 
preferences mean simply that an animal will choose 
certain types of food in preference to others, and he 
automatically uses this to help control the type of diet 
he eats. Furthermore, to a great extent his taste pref¬ 
erences change in accord with the needs of the body 
for certain specific substances. The following ex¬ 
perimental studies will illustrate this ability of an 
animal to choose food in accord with the need of his 
body: First, adrenalectomized animals automatically 
select drinking water with a high concentration of 
sodium chloride in preference to pure water, and this 
in many instances is sufficient to supply the needs of 
the body and prevent death as a result of salt deple¬ 
tion. Second, an animal injected with excessive 
amounts of insulin develops a depleted blood sugar, 
and he automatically chooses the sweetest food from 
among many samples. Third, parathyroidectomized 
animals automatically choose drinking water with 
high concentration of calcium chloride. 

These same phenomena are also observed in many 
instances of everyday life. For instance, the salt licks 
of the desert region are known to attract animals 
from far and wide, and even the human being rejects 
any food that has an unpleasant affective sensation, 
which certainly in many instances protects our 
bodies from undesirable substances. 

The phenomenon of taste preference almost cer¬ 
tainly results from some mechanism located in the 
central nervous system and not from a mechanism in 
the taste buds themselves, because many experi¬ 
ments have demonstrated that taste preference can 
occur in animals even in the absence of changes in 
stimulus threshold of the taste buds for the sub¬ 
stances involved. Another reason for believing this to 
be a central phenomenon is that previous experience 
with unpleasant or pleasant tastes plays a major role 
in determining one’s different taste preferences. For 
instance, if a person becomes sick immediately after 
eating a particular type of food, he generally de¬ 
velops a negative taste preference, or taste aversion, 
for that particular food thereafter; the same effect 
can be demonstrated in animals. 


THE SENSE OF SMELL 

Smell is the least well understood sense. This 
results partly from the location of the olfactory 
membrane high in the nose where it is difficult 
to study and partly from the fact that the sense 
of smell is a subjective phenomenon that cannot 
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be studied with ease in lower animals. Still 
another complicating problem is the fact that 
the sense of smell is almost rudimentary in the 
human being in comparison with that of some 
lower animals. 

THE OLFACTORY MEMBRANE 

The olfactory membrane lies in the superior 
part of each nostril, as illustrated in Figure 
20-6. Medially it folds downward over the sur¬ 
face of the septum, and laterally it folds over the 
superior turbinate and even over a small portion 
of the upper surface of the middle turbinate. In 
each nostril the olfactory membrane has a sur¬ 
face area of approximately 2.4 square centi¬ 
meters. 

The Olfactory Cells. The receptor cells for 
the smell sensation are the olfactory cells, 
which are actually bipolar nerve cells derived 
originally from the central nervous system it¬ 
self. There are about 100 million of these cells in 
the olfactory epithelium interspersed among 
sustentacular cells, as shown in Figure 20-5. 
The mucosal end of the olfactory cell forms a 
knob called the olfactory vesicle from which 
large numbers of olfactory hairs, or cilia, 0.3 
micron in diameter and 50 to 150 microns in 
length, project into the mucus that coats the 
inner surface of the nasal cavity. These project¬ 
ing olfactory hairs are believed to react to odors 
in the air and then to stimulate the olfactory 
cells, as is discussed below. Spaced among the 
olfactory cells in the olfactory membrane are 
many small glands of Bowman that secrete 
mucus onto the surface of the olfactory mem¬ 
brane. 



'"Olfactory hairs 
—-Olfactory cell 

— Sustentacular cells 

'"Bowman's gland 
■"Glomerulus 

Mitral cell 


Olfactory bulb 
Olfactory tract 


Figure 20-5. Organization of the olfactory membrane. 
(After Maximow and Bloom: A Textbook of Histology.) 


STIMULATION OF THE OLFACTORY 
CELLS 

The Necessary Stimulus for Smell. We do 

not know what it takes chemically to stimulate 
the olfactory cells. Yet we do know the physical 
characteristics of the substances that cause ol¬ 
factory stimulation: First, the substance must 
be volatile so that it can be sniffed into the nos¬ 
trils. Second, it must be at least slightly water 
soluble so that it can pass through the mucus to 
the olfactory cells. And, third, it must also be 
lipid soluble, presumably because the olfactory 
hairs and outer tips of the olfactory cells are 
composed principally of lipid materials. 

Regardless of the basic mechanism by which 
the olfactory cells are stimulated, it is known 
that they become stimulated only when air 
blasts upward into the superior region of the 
nose. Therefore, smell occurs in cycles along 
with the inspirations, which indicates that the 
olfactory receptors respond in milliseconds to 
the volatile agents. Because smell intensity is 
exacerbated by blasting air through the upper 
reaches of the nose, a person can greatly in¬ 
crease his sensitivity of smell by the well known 
sniffing technique. 

Receptor Potentials in Olfactory Cells. The ol¬ 
factory cells are believed to react to olfactory stimuli 
in the same manner that most other sensory recep¬ 
tors react to their specific stimuli; that is, by generat¬ 
ing a receptor potential, which in turn initiates nerve 
impulses in the olfactory nerve fibers. An experiment 
that demonstrates this property of the olfactory re¬ 
ceptors is the following: An electrode is placed on the 
surface of the olfactory membrane, and its electrical 
potential with respect to the remainder of the body is 
recorded. When an odorous substance is insufflated 
into the nostril, the potential becomes negative and 
remains negative as long as the odorous air continues 
to pass through the nostril. This electrical recording 
is called the electro-olfactogram , and it is believed to 
result from summation of receptor potentials de¬ 
veloped in the receptor olfactory cells. 

Over a wide range, both the amplitude of the 
electro-olfactogram and the rate of olfactory nerve 
impulses are approximately proportional to the 
logarithm of the stimulus strength, which illustrates 
that the olfactory receptors tend to obey principles of 
transduction similar to those of other sensory recep¬ 
tors. 

Adaptation. The olfactory receptors adapt 
approximately 50 per cent in the first second or 
so after stimulation. Thereafter, they adapt 
further very slowly. Yet we all know from our 
own experience that smell sensations adapt al¬ 
most to extinction within a minute or more after 
one enters a strongly odorous atmosphere. 
Since the psychological adaptation seems to be 




















THE CHEMICAL SENSES—TASTE AND SMELL 


291 


more rapid than the adaptation of the receptors, 
it has been suggested that at least part of this 
adaptation occurs in the central nervous sys¬ 
tem, as has also been postulated for adaptation 
of taste sensations. 

Search for the Primary Sensations of 
Smell. Most physiologists are convinced that 
the many smell sensations are subserved by a 
few rather discrete primary sensations in the 
same way that taste is subserved by sour, 
sweet, bitter, and salty sensations. Thus far, 
only minor success has been achieved in clas¬ 
sifying the primary sensations of smell. Yet, on 
the basis of psychological tests and action po¬ 
tential studies from various points in the olfac¬ 
tory nerve pathways, it has been postulated that 
about seven different primary classes of olfac¬ 
tory stimulants preferentially excite separate ol¬ 
factory cells. These classes of olfactory stimu¬ 
lants may be characterized as follows: 

1. Camphoraceous 

2. Musky 

3. Floral 

4. Pepperminty 

5. Ethereal 

6. Pungent 

7. Putrid 

However, it is unlikely that this list actually 
represents the true primary sensations of smell 
even though it does illustrate the results of one 
of the many attempts to classify them. Indeed, 
several clues in recent years have indicated that 
there may be as many as 50 or more primary 
sensations of smell—a marked contrast to there 
being only three primary sensations of color de¬ 
tected by the eyes and only four primary sensa¬ 
tions of taste detected by the tongue. For in¬ 
stance, individual persons have been found who 
are specifically odor-blind for more than 50 dif¬ 
ferent substances. Since it is presumed that 
odor-blindness for each substance represents a 
lack of the appropriate receptor for that sub¬ 
stance, it is postulated that the sense of smell 
might be subserved by 50 or more primary smell 
sensations. 

Two basic theories have been postulated to 
explain the abilities of different receptors to re¬ 
spond selectively to different types of olfactory 
stimulants, the chemical theory and the physi¬ 
cal theory. The chemical theory assumes that 
receptor chemicals in the membranes of the ol¬ 
factory hairs react specifically with the different 
types of olfactory stimulants. The type of recep¬ 
tor chemical determines the type of stimulant 
that will elicit a response in the olfactory cell. 
The reaction between the stimulant and the re¬ 


ceptor substance supposedly increases the 
permeability of the olfactory hair membrane, 
and this in turn creates the receptor potential in 
the olfactory cell that generates impulses in the 
olfactory nerve fibers. 

The physical theory assumes that differences 
in physical receptor sites on the olfactory hair 
membranes of separate olfactory cells allow 
specific olfactory stimulants to adsorb to the 
membranes of different olfactory cells. A fact 
that supports this theory is that many sub¬ 
stances that have very different chemical prop¬ 
erties but that have almost identical molecular 
shapes have the same odor. This indicates that a 
physical property of the stimulant might deter¬ 
mine the odor. 

Affective Nature of Smell. Smell, equally as 
much as taste, has the affective qualities of either 
pleasantness or unpleasantness. Because of this, 
smell is as important as, if not more important than, 
taste in the selection of food. Indeed, a person who 
has previously eaten food that has disagreed with him 
is often nauseated by the smell of that same type of 
food on a second occasion. Other types of odors that 
have proved to be unpleasant in the past may also 
provoke a disagreeable feeling; on the other hand, 
perfume of the right quality can wreak havoc with the 
masculine emotions. In addition, in some lower ani¬ 
mals odors are the primary excitant of sexual drive. 

Threshold for Smell. One of the principal 
characteristics of smell is the minute quantity of the 
stimulating agent in the air required to effect a smell 
sensation. For instance, the substance methyl mer¬ 
captan can be smelled when only 1/25,000,000,000 
milligram is present in each milliliter of air. Because 
of this low threshold, this substance is mixed with 
natural gas to give it an odor that can be detected 
when it leaks from a gas pipe. 

Measurement of Smell Threshold. One of the prob¬ 
lems in studying smell has been difficulty in obtaining 
accurate measurements of the threshold stimulus re¬ 
quired to induce smell. The simplest technique is 
simply to allow a person to sniff different substances 
in his usual manner of smelling. Indeed, some inves¬ 
tigators feel that this is equally as satisfactory as al¬ 
most any other procedure. However, to eliminate 
variations from person to person, more objective 
methods have been developed: One of these has been 
to place the subject’s head into a box containing the 
volatilized agent. Appropriate precautions are taken 
to exclude odors from the person’s own body. The 
person is allowed to breathe naturally, but the vol¬ 
atilized agent is distributed evenly in the air that is 
breathed. 

Gradations of Smell Intensities. Though the 
threshold concentrations of substances that evoke 
smell are extremely slight, concentrations only 10 to 
50 times above the threshold values evoke maximum 
intensity of smell. This is in contrast to most other 
sensory systems of the body, in which the ranges of 
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detection are tremendous-for instance 500,000 to 1 in 
the case of the eyes and 1,000,000,000,000 to 1 in the 
case of the ears. This perhaps can be explained by 
the fact that smell is concerned more with detecting 
the presence or absence of odors than with quantita¬ 
tive detection of their intensities. 


TRANSMISSION OF SMELL 
SENSATIONS INTO THE 
CENTRAL NERVOUS SYSTEM 

The function of the central nervous system in 
olfaction is almost as vague as the function of 
the peripheral receptors. However, Figures 
20-5 and 20-6 illustrate the general plan for 
transmission of olfactory sensations into the 
central nervous system. Figure 20-5 shows a 
number of separate olfactory cells sending 
axons into the olfactory bulb to end on den¬ 
drites from mitral cells in a structure called the 
glomerulus. Approximately 25,000 axons enter 
each glomerulus and synapse with about 25 mit¬ 
ral cells that in turn send signals into the brain. 

Figure 20-6 shows the major pathways for 
transmission of olfactory signals from the mitral 
cells into the brain. The fibers from the mitral 
cells travel through the olfactory tract and ter¬ 
minate either primarily or through relay neu¬ 
rons in two principal areas of the brain called 
the medial olfactory area and the lateral olfac¬ 
tory area, respectively. The medial olfactory 



Figure 20-6. Neural connections of the olfactory sys¬ 
tem. 


area is composed of a large group of nuclei lo¬ 
cated in the midportion of the brain superiorly 
and anteriorly to the hypothalamus. This group 
includes the septum pellucidum, the gyrus sub- 
callosus, the paraolfactory area, the olfactory 
trigone, and the medial part of the anterior per¬ 
forated substance. 

The lateral olfactory area is composed of the 
prepyriform area, the uncus, the lateral part of 
the anterior perforated substance, and part of 
the amygdaloid nuclei. 

Secondary olfactory tracts pass from the nu¬ 
clei of both the medial olfactory area and the 
lateral olfactory area into the hypothalamus, 
thalamus, hippicampus, and brain stem nuclei. 
These secondary areas control the automatic 
responses of the body to olfactory stimuli, in¬ 
cluding automatic feeding activities and also 
emotional responses, such as fear, excitement, 
pleasure and sexual drives. 

Secondary olfactory tracts also spread from 
the lateral olfactory area into the temporal cor¬ 
tex and prefrontal cortex. It is probably in this 
lateral olfactory area, especially in the amyg¬ 
dala and its associated cortical regions, that the 
more complex aspects of olfaction are inte¬ 
grated, such as association of olfactory sensa¬ 
tions with somatic, visual, tactile, and other 
types of sensation. However, complete removal 
of the lateral olfactory area hardly affects the 
primitive responses to olfaction, such as licking 
the lips, salivation, and other feeding responses 
caused by the smell of food or such as the vari¬ 
ous emotions associated with smell. On the 
other hand, its removal does abolish the more 
complicated conditioned reflexes depending on 
olfactory stimuli. Therefore, this region is often 
considered to be the primary olfactory cortex 
for smell. In human beings, tumors in the region 
of the uncus and amygdala frequently cause the 
person to perceive abnormal smells. 

Centrifugal Control of the Olfactory Bulb by the 
Central Nervous System. The central nervous sys¬ 
tem also transmits impulses in a backward direction 
to the olfactory bulb. These originate mainly from 
undetermined areas in the brain stem and olfactory 
portion of the cerebrum and terminate in the small 
granule cells in the center of the bulb, which in turn 
send axons to the mitral cells to inhibit these cells. 

Mechanism of Function of the Olfactory 
Tracts. Electrophysiological studies of the olfac¬ 
tory system show that the mitral cells are continually 
active, and superimposed on this background are in¬ 
creases or decreases in impulse traffic caused by dif¬ 
ferent odors. Thus, the olfactory stimuli presumably 
modulate the rate of impulses in the olfactory system 
and in this way transmit the olfactory information. 
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A band, 25 

Abdomen, spasm of, in peritonitis, 137 
Aberrations, of vision, 236 
Acceleration, angular, detection of, 144 
linear, detection of, 144 
Accommodation 

autonomic control of, 235, 268, 269 
mechanism of, 234, 2S5 
membrane action potential and, 20 
of eye, control by autonomic nervous system, 235 
reduction of, with middle age, 235 
Acetylcholine 

as excitatory transmitter substance, 61 
chemical structure of, 216 
duration of action of, 217 

effect of, at smooth muscle neuromuscular junction, 
on permeability of muscle membrane, 43 
nerve fiber stimulation by, 19 
secretion of, by axon terminal, 43 
by postganglionic neurons, 216 
synthesis of, 217 

Acetylcholine receptor(s), function of, 218 
Acetylcholine receptor substance, 43 
Aching pain, 108 

Acidosis, effect of, on synaptic transmission, 70 
Actin, 28 

Actin filament, arrangement of, in sarcomere, 25 
molecular characteristics of, 28 
structure of, 24, 25, 29 
Action potential 

biphasic, recording of, 22 

changes in membrane permeability and, 11 

conduction of, in visceral muscle tissue, 46 

electromyographic measurement of, 40 

ephaptic conduction of, 46 

excitation of, 19 

experimental methods used in study of, 14 

factors eliciting, 10 

hyperpolarization and, 17 

idealized, 16 

in smooth muscle, 47 

ionic loss from nerve fiber during, 13 

monophasic, 47, 48 

neuronal, <59 

of excitable membrane, effect of stimuli on, 20 

of muscle, quantitative aspects of, 32 

of T-tubule system, 33 

plateau in, 16 

propagation of, 14 

recording of, 21 

rhythmic, 17 

sequential events in, 11 


Action potential (Continued) 
sodium permeability and, 11 
stages of, 10 
strength of, 21 
summary of events in, 13 
Action tremor, 168, 171 

Activating system of brain, comparison with general pur¬ 
pose computer, 179 

scanning and programming functions of, 179 
Activation, of membrane, 12 
Acuity, maximum visual, of human eye, 239 
Acupuncture, physiologic basis for, 114 
Acute subthreshold potential, 19 
Adaptation 

light and dark, 249 
mechanisms of, 250 
neural, 251 

of sensory receptors, 90 
of taste, 288 

Adenohypophysis. Sqq. Anterior pituitary gland. 

Adenosine triphosphate (ATP), reconstitution of, following 
use in muscle contraction, 34 
role of, in muscle contraction, 30, 34 
Adrenal medullae, basal secretion by, 222 
function of, 221 

sympathetic nerve endings of, 215 
sympathetic nervous system stimulation and, 221 
Adrenergic activity, drugs causing blockage of, 225 
Adrenergic fibers, 216 
Adrenergic mediators, 216 
Adrenergic receptors, action of, 218 
function and, 218(t) 

Affective nature of smell, 291 

Afferent fibers, role of, in excitation of primary motor cor¬ 
tex, 159 

Afferent inhibition, 103 
Afferent tracts, cerebellum and, 163 
After-discharge, during flexor reflex, 134 
mechanisms of occurrence of, 80 
role of, in prolonging output discharge, 80 
After-discharge circuit, parallel, 80 
After-image, negative, 251 
After potential, negative, 16 
positive, 16, 69 
Agnosia, 202 
Agranular cortex, 190 
Akinesia, Parkinsons’s disease and, 152 
Alexia, 192, 202 
Alarm reaction, 224 
Albinos, visual abnormalities in, 245 
Alcohol abuse, as cause of headache, 120 
Alerting signal, 84 
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Alkalosis, effect of, on synaptic transmission, 70 

All-or-nothing principle, 14 

Alpha motoneuron, characteristics of, 125 

Alpha receptors, action of, 218 

Alpha rhythm, replacement of, 181 

Alpha wave, of electroencephalogram, 180 

Amacrine cells, stimulation and function of, 258 

Amnesia, types of, 199 

Amorphosynthesis, 102 

Amplifying divergence, 77 

Amplitude, of receptor potential, strength of stimulus and, 
89 

Amygdala, functions of, 210 

Anesthetics, effect of, on membrane excitability, 21 
on synaptic transmission, 71 

Angular acceleration, detection of, by semicircular canals, 
144 

rate to stimulate semicircular canals and, 145 
Angular gyrus, effect of destmction of, 193 
interpretative function of, 192 
Angular velocity, detection of, by semicircular canals, 144 
Anisotropism, 25 

Anodal current, excitability of nerve membrane and, 20 
vs. cathodal current, 19 

Anterior commissure, information transference and, 202 
pain transmission and. 111 
Anterior lobe, of cerebellum, 163 
Anterior motoneuron, 125 

Anterior pituitary gland, hypothalamic control of, 207 
role of, in transmission of psychosomatic effects, 210 
Anterograde amnesia, 199 

Anticholinergic drugs, use of, in treatment of Parkinson’s 
disease, 152 

Antidiuretic hormone, role of, in controlling level of body 
fluids, 206 

Aphasia, types of, 202 
Apocrine glands, 220 
Appendix, pain transmitted from, 117 
Apraxia, motor, 161 

Aqueduct of Sylvius, pain and punishment centers and, 208 
Area pyramidalis, 156, 157 
Argyll Robertson pupil, 270 

Aiousal reaction, elicitation of, by sensory activation of 
reticular activating system, 177 
Arrest reaction, amygdala and, 211 

Arterial pressure, effect of sympathetic and parasympa¬ 
thetic stimulation on, 220 
Articulation, 202 

Ascending reticular activating system, schematic projection 
of, 176 

Ascending tracts of spinal cord, 119 
Association area, auditory, 191 

interpretation of sensory experience and, 192 
of brain, conversion of information in, 201 
Astereognosis, 101 

Astigmatic lens, passage of light through, 238 
Astigmatism, 237, 238 

chart for determining axis of, 239 
Ataxia, 170 
Athetosis, 151 

ATP. See Adenosine triphosphate. 

Atrophy, of muscle, causes and prevention of, 39 
Atropine, 226 

Attention, mechanisms of control of, by brain, 179 

Attenuation reflex, 273 

Audiogram, 283 

Audiometer, 283 

Auditory association area, 191 

interpretation of sensory experience and, 192 


Auditory association cortex, 281 

Auditory cortex, locus of sound frequency perception in, 
281 

Auditory mechanisms, 279 
Auditory pathway, 279 
Auditory relay nuclei, 280 
Autonomic control centers, of brain stem, 225 
Autonomic reflexes, 223 
of spinal cord, 138 

Autonomic nerve endings, role of, in secretion of acetyl¬ 
choline and norepinephrine, 217 
Autonomic nervous system, 55 
accommodation of eye and, 235 
control of lungs by, 220 
effect of, on various organs of body, 219(0 
general organization of, 214-216 
lens accommodation and, 269 
pharmacology of, 225 
role of medulla in control of, 224 
transmission of psychosomatic effects through, 210 
Axon of nerve fiber, 17 
of neuron, 59 

Axoplasm, of nerve fiber, 17 


Babinski sign, detection of damage to motor control system 
by, 162 

Balancing test, 147 
Barany test, 147 

Barbiturates, effect of, on reticular activating system, 180 
Baroreceptors, 223 
Basal ganglia, 177 

in lower animals, functions of, 150 
in man, motor functions of, 149-152 
muscle rigidity and, 150 
neuronal pathways through, 149 
principal structures of, 149 
syndromes resulting from damage to, 151 
Basilar membrane, 274 

vibration of, amplitude pattern of, 276 
resonance in cochlea and, 275 
Basket cells, 167 

Basolateral nuclei, function of, 210 
Behavior, control of, by brain, 207 
by limbic system, 207 

importance of reward and punishment in, 208 
Bell-Magendie law. See Principle of forward conduction. 
Beta receptors, action of, 218 
Beta wave, of electroencephalogram, 180 
Betz cells, 156 
Bicuculline, 66 

Biliary pain, characteristics of, 117 
Biphasic action potential, recording of, 22 
Bipolar cells, function of, 258 
Bitterness, as a taste sensation, 285 
Blindness, night, 248 
Blood vessels, autonomic control of, 220 
Blue weakness, 254 

Body fluids, level control of, by antidiuretic hormones, 206 
Body movements, rapid, semicircular canal and, 146 
stereotyped, control of, 148 
Body temperature, hypothalamic regulation of, 206 
perception of, 121 

Body water, hypothalamic control of, 206 

Bone, broken, role of, in initiating muscle spasm, 137 

Bone conduction, of sound, 273 

Bony labyrinth, role of, in maintenance of equilibrium, 142 
Boutons, 60. See also Synaptic knobs. 
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Bowman, glands of, 290 

Bradykinin, role of, as stimulator of pain endings, 110 
Brain, behavioral functions of, 204-212 

higher, as major level of central nervous system function, 
58 

levels of transection in, 153 
nerve tracts descending from, 162 

pathological conditions of, electroencephalographic de¬ 
tection of, 182 

programming function of, 180 
role of, in direction of attention, 179 
in interpretation of color, 252 
scanning function of, 180 

Brain stem, activation of other regions of brain by, 174 
autonomic control centers of, 225 
function of, in wakefulness, 176 
motor functions of, 140-154 
neuronal pathways through, 149 
reticular formation of, role in arousal reaction, 177 
Brain stem nuclei, olfactory system and, 292 
Brain stem reflexes, man vs. animal, 154 
Brain tumor, localization of via electroencephalogram, 182 
Brain waves, origin of different types of, 181 
recording of, 180 
types of, 180 

Broca’s area, speech and, 160 
Brodmann’s areas of cortex, 17, 102, 263 
Brown-Sequard syndrome, 119 
Bulbar tractotomy, use of, in relief of pain, 113 
Bulboreticular facilitatory area, characteristics of, 141 
role of, in wakefulness, 175 
Bulboreticular inhibitory area, 141 
Burning pain, 108 
Burning pain pathway, 112 


Caffeine, effect of, on synaptic transmission, 71 
Calcium ions, excitatory pulse of, 33 

release of, from sarcoplasmic reticulum, 33 
role of, in causing action potentials in smooth muscle, 48 
in closing sodium gates during membrane inactivation, 
12 

in contraction of muscle fibers, 29 
Calcium level, tetany and, 21 

Calcium pump, effect of, on smooth muscle contraction, 49 
role of, in removal of calcium ions from sarcoplasmic 
fluid, 33 

Capacitance, of cell membrane, 7 

Carbachol, effect of, on neuromuscular transmission, 44 
Carbamylcholine, 226 
Cardiac pain, characteristics of, 117 
Cardiovascular system, autonomic reflexes in, 223 
hypothalamic control of, 206 
Cataracts, 236 

Catechol-o-methyl transferase, 217 

Cathodal current, effects of, on excitability of nerve mem¬ 
brane, 20 

vs. anodal current, 19 

Cathode ray oscilloscope, use in recording action poten¬ 
tials, 21 

Caudate nucleus, 150, 157 
Cell(s), bipolar, function of, 258 
Cell membrane, activation of, 12 
role as capacitor, 7 
Central excitatory state, 68 

increasing, response by neurons to, 69 
rate of firing and, 69 
Central inhibitory state, 68 


Central nervous system 

comparison of, with electronic computer, 59 
connections of vestibular nerves in, 143 
decremental transmission through synapses in, 83 
functions of, in posture and locomotion, 153 
general design of, 54-56 
inhibitory circuits of, 83 
major levels of, 56-59 
motor division of, 54 
processing of information in, 55 
role of, in control of body activities, 54 
in regulation of retinal function, 260 
sensory division of, 54 
somatic sensory axis of, 55 
transmission of pain signals into, 111-114 
transmission of taste signals into, 288 
system for transmission of mechanoreceptive somatic 
sensations in, 98 

Centrifugal fibers, in control of neuronal facilitation, 79 
in olfactory system, 292 
in visual pathway, 260 
Centromedian nuclei, 170 
Cerebellar cortex, role of, in Purkinje cells, 166 
sensory projection areas of, 164 
structure of, 165 
Cerebellar hemispheres, 163 
Cerebellum 

association of, with cerebral cortex, 167 
clinical abnormalities of, 170 
damping function of, 168 
efferent tracts passing from, 165 
equilibrium function of, 170 
extramotor predictive functions of, 169 
feedback system of, 168 
involuntary movement function of, 169 
lobes of, 163 

localization of somatic sensory signals in, 165 
monitoring of motor activities by, 163 
motor functions of, 163-171 
neuronal circuit of, 166 
output signals from, 165 
prediction of position of body parts by, 169 
principal afferent tracts to, 163 
principal efferent tracts from, 165 
spatial localization of sensory input to, 164 
voluntary movement function of, 167 
Cerebral activity, effect of changes in, on electroence¬ 
phalogram, 181 
Cerebral cortex, 189-203 

areas of connection with thalamus and, 190 

as major division of central nervous system, 58 

function in communication, 201 

function in hearing, 280 

function in posture and locomotion, 152 

functional areas of, 190 

granular cells of, 189 

hemispheric dominance in, 193 

interpretative areas of, 192 

interrelationships with thalamus, 177 

knowing area of, 192 

layers of, 166, 189 

lower regions of brain and, 58 

neuronal pathways through, 149 

perception of pain by, 112 

physiologic anatomy of, 189 

projection of auditory pathway on, 281 

projection of primary sensory impulses to, 100 

stimulation of reticular activating system by, 177 

storage of information by, 56 
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Cerebral cortex (Continued) 
structurally distinctive areas of, 190 
thalamus and, 58 
thought processes and, 58 
Cerebration, 174, 192 

Cerebrospinal fluid pressure, as cause of headache, 120 
Chemical senses, 285-293 

Chemical stimulation, elicitation of action potential by, 19 
Chemical stimuli, as cause of visceral pain, 115 
Chemoreceptors, 86 

Chloride ions, distribution of, across neuronal somal 
membrane, 63 

dynamics of distribution across cell membrane, 10 
Choline acetyltransferase, role of, in synthesis of acetyl¬ 
choline, 61 

Cholinergic effector organs, drugs acting on, 225 

Cholinergic fibers, 216 

Cholinergic mediators, 216 

Cholinesterase, 217 

Chorda tympani, 288 

Chorea, 151 

Choroid, retina and, 246 
Chromatic aberration, 236, 237 
in lens accommodation, 269 
Chronaxie, 20 
Cingulate gyrus, 177, 212 
Circuit, neuronal, of cerebellum, 166 
Circular fibers, of eye, 234 
Cisternae, 26 

release of calcium ions during muscle action potential by, 
33 

Clonus, 131 

Cocaine, effect of, on membrane excitability, 21 
Cochlea, 274-279 

functional anatomy of, 274, 274 
modiolus of, 275 
movement of fluid through, 274 
protection of, from damaging vibrations, 273 
transmission of sound to, 272, 275 
Cochlear duct, 142 
Cochlear nerve, 277 
Cochlear nuclei, 279 
Cold, perception of, 121 

Cold receptor, response of nerve fiber from, 122 
Color, nervous system, interpretation of, 252 
Color blindness, genetics of, 254 
Ishihara test for, 253 
sex-linkage and, 254 

Color perception, tri-color theory of, 252 
Color signals, in lateral geniculate body, 261 
transmission of, by ganglion cells, 260 
Color vision, photochemistry of, 249 
Communication, function of brain in, 201 
sensory and motor aspects of, 202 
Computer, block diagram of, 59 

central nervous system compared with, 59 
Concave lens, 231 

Conduction, ephaptic, of action potential, 46 
in dendrites, 67 

saltatory, in myelinated fibers, 18 
Conduction deafness, audiogram in, 284 
vs. nerve deafness, 283 
Conductive membrane, of nerve fiber, 17 
Cone(s) 

functional parts of, 244 

light absorption by pigments of, 249 

membranous structures of outer segments of, 245 

photochemicals of, 249 

pigments in, 249 


Cone(s) (Continued) 
regeneration of, 245 
spectral sensitivities of, 252 
Cone adaptation, vs. dark adaptation, 250 
Conjugate eye movements, 265 
Consciousness, 195 

Constipation, as cause of headache, 120 
Contact lenses, 238 
Contact neuromuscular junction, 50 
Continuous output signal, 82 
Contractile process, in skeletal muscle, 27 
in smooth muscle, 46 

Contractions, comparison of, in various mammalian mus¬ 
cles, 36 

force vs. length of muscle fiber and, 31 
interaction of mmyosin and actin filaments during, 29 
isotonic vs. isometric, 35 
maximum strength of, 37 
of smooth muscle, 45-50 
chemical basis for, 46 
gross characteristics of, 49 
record of, 49 
ratchet theory of, 29, 30 
sliding mechanism of, 27 
source of energy for, 34 
velocity of, 31 

Convergence, in neuronal pools, 77 
of subthreshold stimuli, 76 
Convergent light rays, convex lens and, 231 
Convex lens, 231-233 
Convulsions, epileptic, 182 
Cord righting reflex, 136 
Cordotomy, relief of pain by, 113 

Corpus callosum, transfer of information between cerebral 
hemispheres by, 193, 202 
Cortex, agranular, 190 

Brodmann’s areas of, 17, 102, 263 
cerebellar, sensory projection areas of, 164 
structure of, 165 

motor areas of, physiological anatomy of, 156 
subdivisions of, 158 
sensorimotor, subdivisions of, 156 
transmission of pain signals into, 112 
Cortical activity, effect of diffuse thalamocortical system 
on, 178 

Corticocerebellar pathway, 163 
Corticospinal tracts, 157, 162 
Cramps, 115 

Creatine phosphate, reconstitution of ATP after muscle 
contraction by, 34 
Crista ampullaris, structure of, 142 
Critical frequency, tetanization and, 37 
Critical frequency of fusion, 251 
of, vs. intensity of illumination, 252 
Cross-bridges, of muscle fibers, 25 
of myosin filament, 28 

Crossed extensor reflex, characteristics of, 134 
myogram of, 135 
Cross-eyed ness, 268 

Cupula, movement of, during rotation, 145 
Cylindrical lens vs. spherical, 231 


Damping, as function of cerebellum, 168 
Dark adaptation, 249, 250 
Dark adaptation curve, 250 
Deafness, audiogram of neural, 283 
types of, 283 
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Decamethonium, effect of, on neuromuscular transmission, 
44 

Decerebrate animal, characteristics of, 154 
use of, in spinal cord reflex study, 124 
Decibel, 278 
Decorticate animal, 154 
Decremental conduction, 67, 84 
alerting response and, 84 

in adjustment of sensitivity of pathways throughout 
brain, 84 

stabilization of nervous system by, 83 
Deep cerebellar nuclei, 165, 166 
Deep sensations, 95 
Deep slow wave sleep, 185 
Deflection plates, types of, 21 
Delta waves, in sleep, 185 
of electroencephalogram, 180 
Dendrite, 59 

function of in excitation of neurons, 67 
summation of inhibition in, 68 
Denervation, of muscle, 39 

of sympathetic or parasympathetic nerves, effect on in¬ 
nervated organ, 222 
Denervation supersensitivity, 222 
Dentate nucleus, 170 
Depolarization, in action potentials, 10 
Depth of focus, 236 

Depth perception, determination of, 240 
Dermatomes, 106 

Descending tracts of spinal cord, 119 
Desynchronized sleep, 184, 185 
Deuteranope, 254 
Dielectric, of cell, 7 
Diet, control of, taste and, 289 
Differential sensitivities, in sensory receptors, 87 
Diffractive eiTors of eye, 236 
Diffuse neuromuscular junction, 50 
Diffuse thalamocortical system, 178 
Diffusion potential, concentration difference and, 7 
Diisopropyl fluorophosphate, 44, 226 
Diopter, use of, in measurement of refractive power, 233 
Discharge, effect of, on alpha rhythm, 181 
Discharge zone, of neuronal pool, 76 
Disorders, psychosomatic, transmission of, through 
skeletal nervous system, 210 
Distance, perception of, 240 
Divergence, in neuronal pathways, 77 
Divergent light rays, 231 

Dominant hemisphere, of cerebral cortex, theoretical basis 
of, 193 

L-dopa, treatment of Parkinson’s disease by, 152 

Dopamine, 62 

Dorsal column nuclei, 99 

Dorsal column sensory system, anatomy of, 99 
characteristics of transmission in, 102 
excitation of, 114 

neuronal circuit and discharge pattern in, 102 
processing of information in, 104 
projection from thalamus to somesthetic cortex, 99 
spatial orientation of nerve fibers in, 99 
transmission of sensory information by, 98 
vs. spinothalamic system, 98 
Dreaming, paradoxical sleep and, 185 
Drugs, effect of, on effector organs, 225 
on postganglionic neurons, 226 
on synaptic transmission, 71 
on transmission at neuromuscular junction, 44 
parasympathomimetic, 225 
Dysarthria, 171 


Dysdiadochokinesia, 171 
Dysmetria, 169, 170 


Ear, receptor organ of, 276 
structures of, 272 

Eardrum, 272. See also Tympanic membrane. 

Eating, hypothalamic regulation of, 207 
Edinger-Westphal nucleus, 269, 270 
EEG, 180. See also Electroencephalogram. 

Effectors, 54 

Efferent tracts, passing from cerebellum, 165 
Efficiency, of muscle contraction, 34 
Electrical events, of neuronal excitation, 62 
Electrical stimulation, effects of, on visual association 
fields, 263 

role of, in eliciting action potential, 19 
Electroencephalogram, 180 

changes in, during sleep phases, 184 
detection of brain tumor with, 182 
detection of epilepsy with, 183 

effect of rhythm on degree of cerebral activity, 181, 182 
Electroencephalographic waves, 180 
Electrogenic pump, 6 
Electromagnetic receptors, 86 

Electromyogram, during contraction of gastrocnemius, 40 
use of, in measurement of action potential, 40 
Electronic amplifier, 22 
Electronic sweep circuit, 22 
Electro-olfactogram, 290 

Electrotonic conduction, decrement of, in dendrites, 67 
Emboliform nuclei, 170 
Emmetropia, 236 
Encephalization, 154 

End-feet, neuronal, 60. See also Synaptic knobs. 
Endocochlear potential, 277 
Endolymph, 277 
End-plate potential, 43 
Engram, for motor movements, 171 
Ephaptic conduction, of action potential, 46 
Epilepsy, responses of nervous system in, 182 
types of, 182, 183 
Epileptic fit, causes of, 82 
Epinephrine, basal secretion of, 222 
effect of, 218 

Equilibrium, cerebellar control of, 170 
conscious perception of, 148 
maintenance of, by vestibular apparatus, 142 
Error control, of involuntary movements, 170 
of voluntary movements, 167 
Esophageal pain, characteristics of, 117 
Excitability, of membrane, factors affecting, 21 
Excitability curve, of nerve fiber, 20 
Excitation, of nerve and muscle fibers, threshold for, 17 
of neuron, rate of firing and, 68 
summation of, 68 
threshold for, 64 

Excitation-contraction coupling, 32-34 
mechanism of, 33 
role of calcium ions in, 48 
Excitatory neuron, vs. inhibitory neuron, 62 
Excitatory postsynaptic potential, 63, 64, 66 
Excitatory signal, effect of, on continuous output of im¬ 
pulses, 82 

Excitatory stimuli, 75 
Excitatory transmitter, 63 
Excited neuron, 64 
Excited zone, 76 
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Extensor reflex, 134 
Extensor spasm, 162 

Exteroceptive information, role of, in maintenance of 
equilibrium, 148 
Exteroceptive senses, 95 
Extracellular fluid, of T-tubule system, 32 
Extracorticospinal tract. See Extrapyramidal tracts. 
Extracranial headache, 120 
Extrafusal muscle fiber, 126 

Extrapyramidal lesions, muscle spasticity and, 161 
Extrapyramidal tracts, 157 
Eyes, autonomic control of, 220 
autonomic innervation of, 269 
compared with camera, 233, 234 
conjugate movement of, 265 
control of, by vestibular mechanism, 146 
diffractive errors of, 236 
fixation movements of, 266 
innervation of muscles of, 265 
maximal visual acuity of, 239 
optics of, 233-241 

Eye disorders, as cause of headache, 121 
Eye movements, control of, 264-268 
by cortical areas for control of, 263 
by vestibular apparatus, 267 
saccadic conjugate, 267 
voluntary control of, 161 


Faceplate, of stapes, 272 
Facilitated neuron, 67 
Facilitated zone, of neuronal pool, 76 
Facilitation, neuronal circuit for, 76 
role of, in information storage, 56 
summation of, 76 
Familial periodic paralysis, 21, 40 
Far-sightedness, 237 
correction of, with lens, 238 
Fasciculation, 40 
Fast muscle, 35 

Fatigue, at neuromuscular junction, 44 
during flexor reflex, 134 
mechanism of, 83 
of muscle, 38 
rebound, 135 

Feedback mechanism, muscle stretch reflex as, 57 
Feedback system, cerebellar, 168 
Feedback theory of wakefulness and sleep, 185 
Fenn effect, 34 

Fiber(s), saltatory conduction in, 18 
Fiber membrane, recharging of, 15 
Fiber tracts, spatial orientation of signals in, 74 
Fibrillation, of muscle, 40 
Fields of vision, 263, 
abnormalities in, 264 
Fight or flight reaction, 224 

Filaments, contractile, molecular characteristics of, 27 
Fixation, of eyes, 266 
Fixed memory, 196 
Flexor reflex, 133 
myogram of, 134, 135 
neuronal mechanism of, 133 
Flickering light, fusion of, by retina, 251 
Flicking movement of eye, control of, 266 
Flocculonodular lobes, equilibrium functions and, 144 
Focal epilepsy, 184 


Focal length, 232 
Focal line, 231 
Focal point, 231 

Folium, of cerebellar cortex, 166 
Fornix, limbic system and, 211 
Forward conduction, principle of, 70 
Fovea, movements of spots of light on, 266 
neural organization of, 257 
photomicrograph of, 244 
retinal, 239 

Free nerve endings, characteristics of, 96 
functions of, 86 
pain receptor, function of, 109 
Frequency, vs. pitch, 277 
Frontal cortex, 177 

Functions, involuntary, hypothalamic control of, 205. See 
also Vegetative functions. 

Fusiform cells, of cerebral cortex, 189 
Fusion, critical frequency of, 251 


GABA, 62 

Gallbladder pain, characteristics of, 117 
Galloping reflex, 136 

Gamma aminobutyric acid (GABA), as inhibitory transmit¬ 
ter, 62 

Gamma efferent nerves, control of static and dynamic re¬ 
sponses by, 127 

Gamma efferent system, control of degree of damping by, 
130 

Gamma motoneurons, characteristics of, 125 
Ganglion cells, responses to light by, 259 
role of, in transmission of color signals, 260 
stimulation of, 258 
Gastric pain, 117 

Gastrointestinal glands, autonomic control of, 220 
Gastrointestinal system, autonomic reflexes in, 223 
Gating potential, 11 

Gating theory, control of reaction to pain and, 113 
Generalized thalamocortical system, 177-179 
Generator potentials, 88 
nerve impulse rate and, 89 
Geniculate body, lateral, 260 
Geniculocalcarine tract, 260 
Giant Betz cells, 156 
Glands, autonomic control of, 219(0 
Glands of Bowman, 290 
Glial changes, memory and, 198 
Globus pallidus, 151 
Glycine, as inhibitory transmitter, 62 
Gnostic area, of cerebral cortex, 192 
Goldman equation, 7 
Golgi cells, 167 
Golgi tendon apparatus, 86 
Golgi tendon organ, 126, 132 

Gradient of contrast, intensity of stimulation and, 262 
Grand mal epilepsy, 182 
Granular cell, of cerebral cortex, 189 
Granular cell layer, of cerebellar cortex, 166 
Granular cortex, 190 

Granularity, of nerve signals, causes of, 74 

Gravity, support of body against, 142 

Gray rami, 214 

Group I A nerve fibers, 94 

Group I B nerve fibers, 94 

Group II nerve fibers, 94 
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Group III nerve fibers, 94 
Group IV nerve fibers, 94 
Guanethidine, 225 
Gyrus subcallosus, 292 


Habituation, mechanism of, 83 
role of, in learning process, 208 
Hair cells, 274 
excitation of, 277 

mechanism, of nerve fiber excitation by, 277 
of organ of Corti, 276 

response of, to rotation and cessation of rotation, 145 
role of, in apprising brain of position of head, 142 
Hair end-organ, characteristics of, 96 
Hands, control of movement of, 161 
Head, control of movements of, 148 
control of rotation of, 161 
Headache 

areas of, resulting from different causes, 120 
causes of, 119 

intracranial vs. extracranial, 119-121 
migraine, 120 
Hearing, 272-284 
abnormalities of, 283 
control of, by cerebral cortex, 280 
frequency range of, 279 

Hearing disabilities, audiometric testing for, 283 
Hearing loss, neural, audiogram of old-age type, 283 
Heart, autonomic control of, 220 
characteristics of pain from, 117 
Heat, perception of, 121 

Heat apparatus, measurement of pain threshold with, 109 

Heavy meromyosin, 27 

Helicotrema, 274 

Hemianopsia, types of, 264 

Hemiballismus, 151 

Herpes zoster, pain associated with, 118 
Hexamethonium, 225 

Higher brain, as a major level of central nervous system 
function, 58 

Hindbrain, transmission of pain signals into, 112 
Hippocampal gyrus, function of, 212 
Hippocampus, olfactory system and, 292 
role of, in learning, 211 
in memory process, 199 
structure and function of, 211 
Homatropine, 226 
Hopping reaction, 153 
Horizontal cells, 258 
Horizontal strabismus, 268 

Hormones, effect of, on excitation of smooth muscle, 51 
release of, by adrenal medullae, 221 
Horner’s syndrome, control of pupillary aperture and, 270 
Hyperalgesia, 110, 118 
referred, 114 
Hypermetropia, 237 

correction of, with lens, 238 
Hyperopia, 237 
Hyperpolarization, 17 

excitability of rods and, 248 
Hypnotics, effect of, on synaptic transmission, 71 
Hypothalamus 

autonomic control centers of, 206 
function of, in sleep and wakefulness, 209 
limbic system and, 204 
olfactory system and, 292 


Hypothalamus {Continued) 
psychosomatic effects of stimulation of, 210 
rage and, 209 

role of, in control of anterior pituitary gland, 207 
in control of vegetative functions, 205 
Hypotonia, 171 

Hypoxia, effect of, on synaptic transmission, 71 


I band, 24 

Ice water test, use of, in testing equilibrium, 147 
Illumination, intensity of, critical frequency for fusion and, 
252 

Image, formation of, by convex lens, 233 
on retina, 234, 239 
visual, fusion of, 267 

Impedance matching, ossicular system of middle ear and, 
273 

Impulse, nerve, transmission of information by nervous 
system and, 72 

Impulse transmission, from nerve to skeletal muscle fibers, 
42-45 

special aspects of, 17 
Incus, 272 

Inferior collicular commissure, 279 
Inferior olivary nuclei, 157 
Information 

carrier wave transmission of, 82 
memory and, 200 

processing of, in central nervous system, 55 
in dorsal column system, 104 
role of synapses in, 56 
storage of, 56 

term as applied to nervous system, 72 
transmission and processing of, by nervous system, 
72-85 

visual, loci for processing of, 263 
Inhibition, neuronal, electrical events in, 64 
neuronal circuit for, 76 
summation of, in dendrites, 68 
Inhibitory circuits, 77, 79 
mechanism for, 76 

role of, in providing contrast in spatial pattern, 79 
stabilization of nervous system function by, 83 
Inhibitory input signal, 82 
Inhibitory neuron, 64, 77 
vs. excitatory neuron, 62 
Inhibitory postsynaptic potential, 64, 66 
Inhibitory transmitter, effect of, on postsynaptic mem¬ 
brane, 64 

Inner ear, structures of, 272 
Insomnia, possible causes of, 187 
Intelligence, 199 
Intention tremor, 168, 171 

Intermediolateral horn(s), sympathetic nervous system and, 
214 

Intermediolateral horn cells, innervation of eye and, 269 
Interneurons, characteristics of, 125 

connection of sensory fibers and corticospinal fibers with, 
125 

sensory input to, 126 
Internuncial cells. See Internenrons. 

Interpretative areas, of cerebral cortex, 192 
Intracranial headache, characteristics of, 119 
Intrafusal muscle fibers, 125-127 
Intralaminar nuclei, thalamic, 177 
Intrinsic tone, 222 
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Ions, concentration differences of, across neuronal somal 
membrane, 62, 63 

quantity of, lost from nerve fiber during action potential, 
13 

Iris, autonomic control of, 220 
Ischemia, as cause of pain, 110, 115 
Ishihara test for color blindness, 253 

Isometric contractions, comparison of, in various mam¬ 
malian muscles, 36 
vs. isotonic contraction, 35 
Isometric recording system, 35 
Isopropyl norepinephrine, 219 
Isotonic contraction, vs. isometric contraction, 35 
Isotonic recording system, 35 
Isotropism, 24 
Itch, pain and, 111 

Itch and tickle sensation, role of, in elicitation of scratch 
reflex, 137 


Jacksonian epilepsy, 184 
JND, 109 

Joint, detection of rotation by joint receptors in, 97 

Joint receptors, role in detection of rotation of joint, 97 

Junctional feet, 33 

Junctional potential, 51 

Just noticeable difference (JND), 109 


Keratonus, correction of, by contact lenses, 239 
Kidneys, pain from, characteristics of, 118 
Kinesiology, 39 
Kinesthesia, 97 

Kinesthetic receptors, types of, 97 

Kinesthetic signals, transmission of, in peripheral nerves, 
97 

Kinocilium, directional sensitivity of hair cells and, 143 
Kluver-Bucy syndrome, 212 
Knee jerk, 131 

myogram recorded during, 132 
Knowing area, of cerebral cortex, 192 
Krause’s corpuscles, 86 


Labyrinth, bony, equilibrium maintenance and, 142 
Lacrimal gland, autonomic control of, 220 
Language, role of, in interpretation of sensory experiences, 
193 

Latent period, smooth muscle contraction and, 49 
Lateral corticospinal tracts, 157 
Lateral geniculate body, 256 
color signals in, 261 
function of, 260 

Lateral geniculate nuclei, anatomical structure of, 260 
Lateral inhibition, 103 
mechanism of, 259 
Lateral lemniscus, 279 

Lateral spinothalamic tract, characteristics of, 105 
Law of specific nerve energies, 87 
L-dopa, treatment of Parkinson’s disease by, 152 
Learning, 195 

importance of reward and punishment in, 208 
role of hippocampus in, 211 
Length-tension diagram, for sarcomere, 31 
Lens(es) 

accommodation of, autonomic regulation of, 269 


Lens(es) (Continued) 

application of refractive principles to, 232 
astigmatic, passage of light through, 238 
contact, correction of optical abnormalities with, 238 
convex spherical, formation of image by, 233 
cylindrical convex, 232 
of eye, refractive power of, 234 
measurement of, 233 

Lens strength, effect of focal distance on, 233 
Lens system, of eye, depth of focus of, 235 
Lesions, effects of, on fields of vision, 264 
Lever system in muscle contraction, 38 
Light, refraction of, 230 
white, perception of, 252 
Light adaptation, 249 
vs. dark adaptation, 250 
Light beam, effect of, on retinal area, 259 
Light energy, transduction of, into receptor potential, 248 
Light intensity, changes in, response of ganglion cells to, 
260 

Light meromyosin, 27 

Light rays, effect of passage through concave spherical 
lens, 231 

effect of passage through cylindrical convex lens, 231 
focusing of, 231 
Light reflex, pupillary, 270 
reflex arc of, 269 

Limbic cortex, effect of ablation of, 212 
effect of stimulation of, 212 
Limbic system, anatomy of, 205 
behavioral functions of, 207-210 
subdivisions of, 204, 206 
Liminal zone, 76 

Line(s), detection of length of, by visual cortex, 262 
Linear acceleration, detection of, by utricle, 144 
Load, muscular, effect on performance of motor activities, 
173 

velocity of contraction and, 31,32 
Locomotion, control of, by cerebral cortex, 152 
reflexes of, 136 

role of central nervous system in, summary of, 153 
Locus ceruleus, 187 
Longitudinal tubules, 26 

Long-term memory, synaptic changes causing, 197 
types of, 196 

Long-term secondary memory, conversion into long-term 
tertiary memory, 199 

Loudness, determination of, by auditory system, 278 
Low calcium tetany, 21 

Lower brain, as one of major levels of central nervous func¬ 
tion, 57 

Lower brain level, control of subconscious activities of 
body by, 57 

Luminosity, perception of, by visual cortex, 262 
Luminosity signals, transmission of, by ganglion cells, 259 
Lumirhodopsin, 246 
Lungs, autonomic control of, 220 


Macromotor unit, 36 
Macula, 243 

stmcture of, 142, 244 
Magnet reaction," 136 
Malleus, 272 
Mark time reflex, 136 

Mass discharge, of sympathetic system, 244 
Mass reflex, of spinal cord, 138 
Maximum visual acuity, 239 
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Mechanoreceptive sensations, 95-107 
Mechanoreceptive senses, types of, 95 
Mechanoreceptive somatic sensations, system for trans¬ 
mission of, in central nervous system, 98 
Mechanoreceptors, 86 
Medial forebrain bundle, 207 
Medial lemnisci, 99 
Medial longitudinal fasciculus, 264 

Medulla, role of, in control of autonomic nervous system, 
224 

transection of, 153 
Meissner’s corpuscles, 86, 96 
Melanin, function of, in acute vision, 245 
Membrane, postsynaptic, effect of inhibitory transmitter 
on, 64 

Membrane excitability, effect of tetracaine on, 21 
factors causing increase in, 21 
Membrane inactivation, 12 
Membrane potential 
calculation of, 7 
diffusion of ions and, 7 
electrogenic pump and, 6 
in normal resting nerve fiber, 8 
in smooth muscle, 46 

measurement of, in nerve and muscle fibers, 10 
origin of, 8-10 
physics of, 6-8 
rapid transport and, 7 
recording of, 21 
resting, of neuronal soma, 62 
Membrane stabilizing factors, 21 
Membranous labyrinth, structure of, 142 
Memory, 56, 195. See also Information. 
classification of, 196 
immediate, prefrontal lobes and, 194 
long-term, synaptic changes causing, 197 
physiological basis of, 196 
reward and punishment in, 208 
short-term, transference into long-term, 198 
Meningeal trauma, as cause of headache, 120 
Meridional fibers, 234 
Merkel’s discs, 86, 96 
Meromyosin, types of, 27 

Mesencephalon, control of autonomic nervous system by, 
224 

function of, in reticular activating system, 175 
Methacholine, 226 

effect of, on neuromuscular transmission, 44 
Methyl mercaptan, detection of odor of, 291 
Microvilli, 287 

Middle ear, structures of, 272 
Midline nuclei, thalamic, 178 
Migraine headache, 120 
Miosis, 270 

Modality, perception of sensation and, 87 

Modality differentiation, in somatic sensory area I, 100 

Modiolus, of cochlea, 275 

Molecular layer, of cerebellar cortex, 166 

Monamine oxidase, 217 

Motion pictures, persistence of vision and, 251 
Motoneurons 
major types of, 125 
sensory input to, 126 
stimulation of, by brain signals, 162 
structure of, 59 

vs. neurons in spinal cord and brain, 60 
Motor activities 

effect of different muscular loads on, 173 
initiation of, 173 


Motor activities (Continued) 

monitoring of, by cerebellum, 163 
origin of, in interpretative area of brain, 201 
Motor aphasia, 202 
Motor apraxia, 161 

Motor areas, cortical, in monkey, 158 
of sensorimotor cortex, 158 
Motor association area, organization of, 160 
Motor axis, of nervous system, 55 
Motor control, intellectual aspects of, 201 
Motor cortex 

ablation of, muscle spasticity and, 161 
as subdivision of sensorimotor cortex, 156 
cellular arrangement in, 159 
effects of lesions on, 161 
effect of stroke on, 161 
physiologic anatomy of, 156 
representation of various muscles in, 160 
somesthetic cortex and, 156 
spasticity and, 161 

Motor division, of central nervous system, 54 
Motor end-plate, structure of, 42 
Motor functions 
cerebellum and, 163 
control of, by basal ganglia, 149-152 
cortical and cerebellar control of, 156-174 
organization of spinal cord for, 124 
sensory control of, 171-173 
Motor movements, cerebellar prediction of, 169 
sensory engrams for, 171 

Motor pathways, convergence of, on anterior motoneurons, 
162 

Motor patterns, skilled, establishment of, 172 
Motor tone, inhibition of, 150 
Motor units, asynchronous summation of, 37 
definition of, 36 

Movement(s), complex, elicitation of, 160, 162 
conjugate, of eyes, 265 
coordinate, establishment of, 173 
diagonal stepping, 137 
involuntary, cerebellar control of, 169 
pathway for cerebellar error control of, 170 
rapid, semicircular canal and, 146 
rate of, joint receptor detection of, 97 
spinal reflex, cerebellar control of, 170 
stereotyped body, control of, 148 
voluntary, cerebellar control of, 167 
error control of, 167 

Movement receptors, transmission of information by, 91 
Ms I, 158 
Ms II, 158 

Multiple motor unit summation, 36 

Multiple tract divergence, 77 

Multiunit smooth muscle, characteristics of, 45 

Muscarinic receptor, 218 

Muscle 

action potentials of, quantitative aspects of, 32 
atrophy of, 39 

control of eye movements by, 264 
extraocular, innervation of, 265 
fibrillation of, 40 
hypertrophy of, 39 

length and force of contraction and, 31 
physical shortening of, 39 
representation of, in motor cortex, 160 
skeletal, contraction of, 24-40 
physiologic anatomy of, 24-27 
Muscle contraction 
ATP in, 30, 34 


304 


INDEX 


Muscle contraction (Continued) 
efficiency of, 34 
initiation of, 32-34 
lever system in, 38 
molecular mechanism of, 27-32 
ratchet theory of, 30 

resulting from central nervous system signal, 130 

series elastic component of, 35 

skeletal, 24^0 

source of energy for, 34 

staircase effect and, 38 

summation of, 36 

Treppe and, 38 

Muscle cramps, as local muscle spasm, 137 
Muscle energy expenditure, work performed and, 34 
Muscle fasciculation, 40 
Muscle fatigue, 38 

Muscle fibers, measurement of membrane potentials in, 10 
skeletal, muscle spindle and, 126 
smooth, structure of, 45 
Muscle fibrillation, 40 
Muscle hypertrophy, 39 
Muscle impulse, 14 
Muscle jerk, 131 

Muscle length, force of contraction and, 31 
Muscle rigidity, basal ganglia and, 150 
Muscle sense, possibility of, 97 
Muscle spasm, 44 
as cause of pain, 110 
headache resulting from, 120 
induced by peritonitis, 137 
resulting from broken bone, 137 
Muscle spasticity, ablation of motor cortex areas and, 161 
Muscle spindle 

extrafusal skeletal muscle fibers and, 126 
intrafusal and extrafusal muscle lengths and, 128 
maintenance of muscle tone by, 38 
receptor potential of, frequency of sensory impulses 
transmitted and, 90 
role of, in motor control, 126-132 
structure and innervation of, 126 
vs. Golgi tendon apparatus, 132 
Muscle spindle reflex, 128. See also Stretch reflex. 
damping function of, 129 

nullification of changes in load during muscle contraction 
by, 129 

servo-assist function of, 130, 131 
Muscle strength, changes in, at outset of contraction, 38 
Muscle stretch reflex, as feedback mechanism, 57 
Muscle tension, control of, servo mechanism and, 133 
detection of, by Golgi tendon organ, 132 
Muscle tone, 38 

globus pallidus and, 151 
Muscle twitch, characteristics of, 34-35 
Myasthenia gravis, 44 
Mydriasis, 270 

Myelin sheath, of nerve fiber, 18 
formation of, by Schwann cells, 18 
Myofibril, electron micrograph of, 25 
mechanism of contraction in, 27 
structure of, 24 
Myoglobin, 35 

Myogram, during knee Jerk, 132 
of flexor reflex, 134 

of muscle in crossed extensor reflex, 135 
Myoneural junction, 42. See ‘dho Nenromnscnkir junction. 
Myopia, 237 

correction of, with lenses, 238 


Myosin filament, arrangement of, in sarcomere, 25 
cross-bridges of, 28 
molecular characteristics of, 27 
structure of, 24, 25 
Myosin molecule, structure of, 28 
Myotatic reflex, 128. See also Muscle spindle reflex. 


Nasal field of vision, 263 

Nasal gland, autonomic control of, 220 

Nasal structures, irritation of, as cause of headache, 121 

Near-sightedness, 237 

correction of, with lenses, 238 
Neck proprioceptors, maintenance of equilibrium by, 147 
Negative after-image, 251 
Negative stretch reflex, 129 
Neocerebellum, 163 
Neostigmine, 226 

effect of, on neuromuscular transmission, 44 
Nernst equation, 7 

dynamics of potassium transfer across nerve fiber mem¬ 
brane and, 9 

Nernst potential, sodium distribution and, 9 
Nerve cell, 6 

Nerve conduction, velocity of, in nerve fibers, 19 
Nerve connections, to nuclear bag and nuclear chain mus¬ 
cle spindle fibers, 127 

Nerve deafness, vs. conduction deafness, 283 
Nerve endings, free, characteristics of, 96 
functions of, 86 
in joints, 97 
sensory, types of, 88 
Nerve fiber 

excitability of, 20 
heat production by, 15 
mammalian, properties of, 97>(t) 
measurement of membrane potential in. 10 
myelinated, 17 

of joint receptors, responses to different degrees of rota¬ 
tion by, 97 

patterns of stimulation of, 75, 78 

physiological classification of, 93 

quantity of spatial information transmitted by, 79 

response of, to cold receptor, 122 

spatial orientation of, in the dorsal column pathway, 99 

specificity in transmission of sensations in. 87 

unmyelinated, 17 

Nerve fiber endings, stimulatory field and, 75 

Nerve fiber trunk, cross-section of, 18 

Nerve fibrils, junction of, with smooth muscle fibers, 50 

Nerve impulse, definition of, 14 

transduction of sensory stimuli into, 88-91 
transmission of information and, 72 
Nerve membrane, resting potential of, 8 
Nerve tract, role of, in transmission of signals, 72 
Neural adaptation, visual chain and, 251 
Neural pathways, control of conjugate eye movements by, 
265 

detection of signals at terminus of, 73 
Neuromuscular junction, 42-45 
diffuse, 50 

effect of norepinephrine at, 50 
fatigue at, 44 

of smooth muscle, types of, 50 
physiologic anatomy of, 42 
safety factor for transmission of, 44 
transmitter substances at, 50 
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Neuromuscular transmission, blockage of, by drugs, 44 
effect of neostigmine on, 44 
effect of nicotine on, 44 
Neuron(s) 

excitation of, by dendrites, 67 
facilitated, 67, 76 

facilitation of, centrifugal control of, 79 
inhibition of, 65 
inhibitory vs. excitatory, 62 
in somesthetic cortex, excitation of, 101 
of knee joint receptor field, responses of, 104 
organization of, in neuronal pools, 75 
response characteristics of, to increasing central excita¬ 
tory states, 69 
retinal, 243 
states of being, 64 

stimulation of, by synaptic knobs, 68 
synaptic functions of, 59 
thalamic, organization of, 177 
Neuronal action potential, 69 
Neuronal circuits, instability and stability of, 82-85 
Neuronal excitation, electrical events during, 62 
Neuronal inhibition, electrical events in, 64 
Neuronal pathways, divergence in, 77 
Neuronal pool 

basic organization of, 75 
continuous signal output from, 81 
facilitated and discharge zones of, 76 
organization of neurons in, 75 
prolongation of signals by, 80 
transmission of information through, 78 
transmission of spatial patterns through, 78 
Neuronal soma, electrical events occurring in, 62 
Neuronal somal membrane, concentration differences of 
ions across, 62 

distribution of sodium ions across, 63 
Neuronal somal potential, changes in during and after ac¬ 
tion potential, 68 

Neuronal synapses, functions of, 59 

Neurophysiology, vision and, 256-270 

Nicotine, effect of, on neuromuscular transmission, 44 

Nicotinic drugs, effect of, on postganglionic neurons, 226 

Nicotinic receptor, 218 

Night blindness, 248 

Nociceptor reflex, 133 

Nociceptors, 86 

Node of Ranvier, 18 

Nonspecific thalamocortical system, 177-179 
Noradrenalin, 216. See also Norepinephrine. 
Norepinephrine, 62 

basal secretion of, tone caused by, 222 
chemical structure of, 216 

effect of, at smooth muscle neuromuscular junction, 50 
secretion of, by postganglionic neurons, 216 
stimulation of muscle fibers by, 19 
sympathectomy and, 223 
synthesis and duration of action of, 217 
Nose, initation of, as cause of headache, 121 
Nuclear bag fibers, 126 
Nuclear chain fibers, 126 
Nuclei of the raphe, insomnia and, 187 
Nucleus, red, structure and function of, 149 
Nystagmus, 147, 171 
opticokinetic, 267 

Ocular abnormalities, instruments used to detect, 240 
Odors, adaptation to, 290 


Olfactory area, regions of, 292 
Olfactory bulb, centrifugal control of, 292 
Olfactory cells, 290 
Olfactory hairs, 290 

Olfactory membrane, organization of, 290 
Olfactory receptors, adaptation of, 290 
Olfactory signals, transmission of, into central nervous sys¬ 
tem, 292 

Olfactory stimulants, characterization of, 291 
Olfactory system, neural connections of, 292 
Olfactory tracts, function of, 292 
Olfactory trigone, 292 
Olfactory vesicle, 290 
On-off response, of ganglion cells, 260 
Ophthalmoscope, basic principles of, 241 
optical system of, 240 
Optic chiasm, 256 

Optic nerves, visual cortex and, 256 
Optical instruments, observation of eye by, 241 
Opticokinetic nystagmus, 267 
Optics, of eye, 233-241 
physical principles of, 230-233 
Orbitofrontal cortex, function of, 212 
Organ of Corti, 274, 279 
function of, 276 
spiral ganglion of, 276, 279 
structure of, 276 

Oscillation, frequency of, effect of carotid body on, 83 
Oscillatory circuit, as cause of after-discharge, 80 
Oscilloscope, use of, in recording transient action poten¬ 
tials, 21 

Ossicles, of middle ear, structure of, 272 
Ossicular system, impedance matching by, 272 
transmission characteristics of, 273 
Output signals, continuous, 81 
rhythmic, 82 
Oxytocin, 207 


Pacemaker waves, 47 
Pacinian corpuscles, 86, 97 
characteristics of, 96 
generator potential produced in, 88 
Pain 

average critical temperature at which perceived, 110 

clinical abnormalities of, 118 

differences in reaction to, 113 

from various visceral organs, 117 

intensity of, expression in JNDs, 109 

limbic system and, 207 

localization of, 112 

measurement of, 108 

mechanism for elicitation of, 110 

purposes of, 108 

referred, mechanism of, 114 

referred from visceral organs, 116 

relation to tickling and itch. 111 

surgical intervention for relief of, 113 

threshold for, uniformity in different people, 109 

tissue damage and, 110 

transmission of, 73, 116, 178 

visceral, vs. surface, 114 

visceral and parietal, transmitted from appendix, 117 
Pain endings, stimulation of, by chemicals, 110 
Pain fibers, fast vs. slow, 111 
pattern of stimulation of, 73 
Pain gating, mechanism of, 113 
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Pain pathways, surgical interruption of, 113 
Pain receptors, nonadapting nature of, 110 
stimulation of, 109-111 

Pain signals, transmission of, into central nervous system, 
111-114 

transmission of, into hindbrain, 112 
Pain threshold, heat apparatus for measurement of, 109 
strength-duration curve for, 109 
Paleospinothalamic pathway, role of, in transmission of 
pain, 178 

Pancreatic pain, characteristics of, 118 
Paradoxical sleep, 184 
characteristics of, 185 
mechanism of, 187 

Parallax, moving, depth perception and, 240 
Parallel after-discharge circuit, 80 
Paralysis, familial period, 40 
Paralysis agitans, 151 
Paraolfactory area, 292 

Parasympathetic nerve, destruction of, effect on innervated 
organ, 222 

Parasympathetic nervous system, characteristics of func¬ 
tion of, 216 

effect of, on organs of body, 2\9(t), 220 
physiologic anatomy of, 216 
stimulus rate vs. degree of effect of, 222 
Parasympathetic reflexes, discrete characteristics of, 224 
Parasympathetic stimulation, excitatory and inhibitory ac¬ 
tion of, 219 

Parasympathetic tone, 222 
Parasympathomimetic drugs, 225 
Parietal pain, as caused by visceral damage, 115 
Parietal pathway, role of, in transmission of pain, 116 
Parkinson’s disease, 151, 152 
akinesia and, 152 
treatment of, by L-dopa, 152 
Past pointing, 170 

Patterns, processing of, by brain, 200 
Perception, of distance, 240 
Perifornical nucleus, hunger and, 207 
Perilymph, 277 

Perimetry, determination of, 263 
Perimetry chart, 264 

Peristalsis, spread of action potentials through visceral 
smooth muscle and, 48 
Peritonitis, muscle spasms resulting from, 137 
Permanent memory, 196 
Petit mal epilepsy, 183 

Phasic receptors, transmission of information by, 91 

Phenoxybenzamine, 225 

Phentolamine, 225 

Phenylthiocarbamide, 286 

Photopic vision, vs. scotopic vision, 251 

Photopsin, 249 

Photoreceptors, regeneration of, 245 
schematic diagram of, 244 

Photosensitive chemicals, sensitivity of rods and cones and, 
249 

Physostigmine, 44, 226 
Piero toxin, 66 

Pigments, of cones, light absorption by, 249 
Pilocarpine, 226 
Pitch, determination of, 277 
vs. frequency, 277 

Place principle, determination of pitch and, 277 
Placing reaction, 153 
Plasma membrane, sarcolemmic, 24 
Pleasure, limbic system and, 207 


Polypeptides, as possible stimulator of pain endings, 110 
Pons, role of, in control of autonomic nervous system, 224 
Pontocerebellar tract, 163 
Positive after-potential, 69 
Positive supportive reaction, 136 
Posterior lobe, of cerebellum, 163 
Posterior temporal lobe, interpretative function of, 192 
Postganglionic neurons, effect of nicotinic drugs on, 226 
parasympathetic and sympathetic mediators of, 216 
secretion of norepinephrine by, 216 
Postganglionic parasympathetic neurons, 216 
Postganglionic sympathetic neurons, 214 
Postsynaptic potentials, 66 
Post-tetanic facilitation, 70 
Posture, control of, by cerebral cortex, 152 
reflexes of, 136 

role of central nervous system in, 153 
Potassium channels, 11 

Potassium conductance, changes in during action potential, 
12 

Potassium ions, distribution of, across neuronal somal 
membrane, 63 

transfer of, across cell membrane, 8, 9 
Potassium permeability, action potential and, 11-13 
Potassium pump, role of, in origin of cell membrane poten¬ 
tial, 8 

Potential, endocochlear, 277 
end-plate, 43 

Power law, detection of changes in loudness and, 278 
graphical demonstration of, 93 
Power principle, 92 

Prefrontal area, effects of destruction of, 195 
higher intellect and, 194 
Preganglionic parasympathetic neurons, 216 
Preganglionic sympathetic neurons, vs. skeletal motor 
nerves, 214 
Prelumirhodopsin, 246 
Premotor cortex, 160 
effects of lesions on, 161 
Presbyopia, 235 

Pressure, vs. touch and vibration, 95 
Piesynaptic inhibition, 65 

Presynaptic terminals, 60. See also Synaptic knobs. 

Pricking pain, 108 

Pricking pain pathway, 112 

Primary auditory cortex, 280 

Primary endings, of muscle spindle flbers, 127 

Primary memory, 196 

Primary motor area (Ms I), 158 

Primary motor cortex 

ablation of, in the monkey, 161 
areas causing muscle contraction of, 158, 159 
columnar arrangement of cells in, 159 
representation of different muscle groups in, 160 
Primary olfactory cortex, 292 
Pi'imary sensory area, of cerebral cortex, 191 
Principle of forward conduction, 70 
Procaine, effect of, on membrane excitability, 21 
Propanolol, 225 

Proprioceptive information, role of, in maintenance of 
equilibrium, 148 
Proprioceptive sensations, 95 

Pi'oprioceptor feedback servomechanism, reproduction of 
sensory engram by, 172 
Protanope, 254 

Psychosomatic disorders, transmission of, through skeletal 
nervous system, 210 

Punishment center, effect of tranquilizers on, 209 
technique for localization of, 208 
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Pupillary aperture, 235 

autonomic control of, 268, 270 
control of, Horner’s syndrome and, 270 
depth of focus and, 236 
Pupillary light reflex, 270 
Purkinje cell layer, 166 
Pursuit movement, 267 
Putamen, 150, 170 
Pyramidal cells, 156, 189 
Pyramidal tract, divisions of, 157 

transmission of signals from, 156, 157 


Rage, function of hypothalamus and, 209 

Ratchet theory of contraction, 29 

Rate receptors, transmission of information by, 91 

Reading, saccadic movements during, 267 

Rebound, 171 

Rebound fatigue, 135 

Receptive field, 73 

Receptor(s) 

adrenergic, function and, 218(0 
classification of, 87(0 
differences in adaptation of, 90 
kinesthetic, 97 
sensory, 54 
adaptation of, 90 
classification of, 87(0 
differential sensitivities of, 87 
mechanisms of action of, 86-94 
stimuli detected by, 86 
transmission of information by, 91 
Receptor potential, amplitude of, stimulus strength and, 89 
electrotonic nature of, 89 
elicitation of, 88 
for taste, 288 

hyperpolarized, theoretical basis for generation of, 247 
in olfactory cells, 290 
of hair cell, 277 
of pacinian corpuscle, 88 
stimulation of rods and cones and, 257 
transmission of sensory impulses and, 90 
Receptor substances, effect of, on membranes of smooth 
muscle fibers, 51 
Reciprocal inhibition, 135 
Reciprocal innervation, 135 
Recruitment, 73 

Red muscle, 36. See also Slow muscle. 

Red nucleus, structure and function of, 149 
Reduced eye, 234 

Referred pain, mechanism of, 114. See also Pain. 
Reflex(es) 

crossed extensor, 133 
decrement of, 135 

muscle spindle, 128. See also Stretch reflex. 

nociceptor, 133 

of taste, 288 

pupillary light, 270 

reciprocal, of opposite limbs, 136 

righting, 153 

stretch, 128. See also Muscle spindle reflex. 
types of, 57, 136 
vestibular phasic postural, 146 
Reflex functions, of spinal cord, 57 
Reflex muscular spasm, as cause of refen'ed pain, 114 
Refraction, errors of, 236 
of light rays, 230 
Refractive index, 230 


Refractive power, comparison of, in lenses, 232 
determination of, by retinoscope, 241 
measurement of, 233 
Refractory period, types of, 20 

Rehearsal, consolidation of short-term memory and, 198 
Reinforcement, role of, in learning process, 208 
REM sleep, 185 

Renal pain, characteristics of, 118 
Renshaw cells, inhibitory system of, 125 
Repetitive discharge, of tissues, re-excitation and, 17 
Repolarization, as stage in action potential, 10 
propagation of, along a conductive fiber, 75 
Reseipine, 225 
Resonant frequency, 273 

Respiratory center, oscillatory output from, 83 
Resting membrane potential, clamping of, 65 
Resting neuron, 64 

Resting potential, of nerve membrane, 8 
Reticular activating system 

ascending, schematic projection of, 176 
brain stem portion of, 175 
effect of barbiturates on, 180 
in wakefulness, 175 

psychosomatic effects of stimulation of, 209 
schematic diagram of, 176 
thalamic portion of, 176 
transmission of pain and, 112 
Reticular facilitatory system, 142 
Reticular formation 

excitatory function of, 141 
extent of, 140 
nuclei associated with, 141 
role of, in behavioral function of brain, 207 
sensory input to, 140 
Reticular lamina, 277 
Reticular nuclei, thalamic, 178 
Reticulocerebellar tract, 157 
Reticulospinal tract, 157 
Retina 

anatomy and function of structural elements, 243-246 

blood supply to, 246 

detachment of, 246 

excitation of, by beam of light, 259 

formation of image on, 234 

layers of, 243 

neural function of, 256-260 
neural organization of, 257 
pigment layer of, 245 
receptor functions of, 243-254 
recognition of gradations of color by, 252 
role of, in interpretation of color, 252 
sensitivity of, automatic regulation of, 249 
size of image on, 239 

Retinal receptors, differentiation of signal from, 84 
Retinene, formation of, from vitamin A, 248 
rhodopsin and, 246 
vitamin A and, 248 
Retinitis pigmentosa, 264 
Retinoscope, schematic diagram of, 241 
Retrograde amnesia, 199 

Reverberating circuit, as cause of after-discharge, 80 
Reverberation, duration of, 81 

Reverberatory circuit, pattern of output signal of, 81 
Reversal potential, 11, 13 
Reverse stress-relaxation, 50 
Reward center, effect of tranquilizers on, 209 

technique for localization of, in monkey brain, 208 
Rheobase, 20 
Rhinencephalon, 177 
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Rhodopsin, 244, 247 

decomposition of, by light energy, 246 
generation of hyperpolarization receptor potential and, 
247 

scotopsin and, 246 

Rhodopsin-retinene vitamin A visual cycle, 246 
Rhythmic output signal, 82 

Rhythmic smooth muscle, record of contraction of, 49 
Rhythmicity of tissues, re-excitation needed for, 17 
Ribonucleic acid, theoretical function of, in memory, 198 
Rigor mortis, 39 

RNA, theoretical function of, in memory, 198 
Rod adaptation, dark adaptation and, 250 
Rods 

excitation of, 247 
functional parts of, 244 

membranous structures of outer segments of, 245 
photosensitive chemicals and, 249 
regeneration of, 245 
Rods of Cord, 277 

Rotation, response of hair cells to, 145 
responses of joint receptors to different degrees of, 97 
Ruffini nerve endings, 97 
Ruffini’s end-organ, 86, 96 


Saccades, 267 

Saccadic conjugate movements, of eye, 267 
Saccharin, 285 
Saccule, 142 

role of, in maintenance of static equilibrium, 144 
Safety factor, in transmission at neuromuscular junction, 44 
propagation of nerve impulse and, 15 
Salivary gland, 220 

Saltatory conduction, in myelinated fibers, 18, 19 
Saltiness, 285 
Sarcolemma, 24 

Sarcomere, aiTangemcnt of myosin and actin filaments in, 
25 

length-tension diagram for, 31 
Sarcoplasm, structure of, 26 

Sarcoplasmic reticulum, release of calcium ions from, 33 
structure of, 26 
Satiety center, 207 
Scala media, 274 
Scala tympani, 274 
Scala vestibuli, 274 

Sclerosis, middle ear, audiogram of deafness from, 283 
Scopolamine, 226 
Scotomata, 264 

Scotopic vision, vs. photopic vision, 251 
Scotopsin, rhodopsin and, 246 
Semicircular canals, 142 

detection of angular acceleration and angular velocity by, 
144 

equilibrium and, 143 
Sensations, mechanoreceptive, 95-107 
modalities of, transmission of, 87 
rapidly changing and repetitive, transmission of, 103 
segmental fields of, 107 
vibratory, detection of, 104 
Senses, chemical, 285-292. See also Smell; Taste. 

somatic, physiological types of, 95 
Sensitivities, differential, in sensory receptors, 87 
retinal, automatic regulation of, 249 
Sensorimotor cortex, 177 
motor areas bf, 158 
subdivisions of, 156 


Sensory association areas, 191 
Sensory division, of central nervous system, 54 
Sensory engram, reproduction of, by proprioceptor feed¬ 
back servomechanism, 172 
Sensory function, special aspects of, 106 
Sensory impulses, transmissions of, from muscle spindle, 
90 

Sensory information, transmission of, by dorsal column 
system, 98 

by spinothalamic system, 98 
Sensory memory, 196 
Sensory nerve endings, types of, 88 

Sensory nerve fiber, excitation of, by generator potential, 

88 

Sensory pathway, typical organization of, 78 
Sensory reception, intensity range of, 92 
Sensory receptors, 54 
adaptation of, 90 
classification of, 86, 87(0 
differential sensitivities of, 87 
mechanisms of action of, 86-94 
stimuli detected by, 86 
Sensory sensitivity, cortical control of, 106 
Sensory stimuli, transduction of, into nerve impulses, 88-91 
transmission of, higher levels of nervous system and, 92 
Septum pellucidum, 292 

Series elastic component of muscle contraction, 35 
Servo mechanism, proprioceptor feedback and, 172 
role of, in control of muscle tension, 133 
Serotonin, 62 
sleep and, 187 
Serum cholinesterase, 217 
Sex-linkage, color blindness and, 254 
Short-term memory, 196 
Signal(s), alerting, 84 

detection of, at terminus of nerve pathway, 73 

differentiation of, 85 

granularity of, 74 

localization of, 103 

prolongation of, by neuronal pool, 80 

spatial orientation of, in fiber tracts, 74 

strength of, 72 

transmission and processing of, in neuronal pools, 74-82 
transmission of, in nerve tracts, 72-74 
Signal strength, translation of, into nerve impulses, 73 
Skeletal motor nerves, vs. preganglionic sympathetic 
neurons, 214 
Skeletal muscle 

contraction of, 24^0 
function of, special features of, 39 
physiologic anatomy of, 24-27 
tone of, 38 

Skeletal muscle fiber, excitation of, by nerves, 32 
structure of, 24 
Sleep 

arousal from, 177 
basic theories of, 185 

biochemical theories for production of, 187 
desynchronized, 184, 185 
feedback theory of, 185 
function of hypothalamus in, 209 
paradoxical, 185 
physiological effects of, 187 
serotonin and, 1"87 
types of, 184 
Sleep spindles, 184 
Sliding mechanism of contraction, 27 
Slow muscle, vs. fast muscle, 35 
Slow wave sleep, 184 
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Slow wave potential, in smooth muscle, 47 
Sm I, 158 
Sm II, 158 
Smell, 289-292 
affective nature of, 291 
classification of, 291 

sensations of, transmission into central nervous system, 
290, 292 

stimulus for, 290 
threshold of, 291 
Smooth muscle 

actin and myosin filaments in, 46 

action potentials in, 47 

chemical basis for contraction of, 46 

contraction of, 45-50 

excitation of, effect of hormones on, 51 

excitation-contraction coupling in, 48 

membrane potentials in, 46 

monophasic action potentials in, 47 

neuromuscular junctions of, 50 

stress-relaxation of, 50 

tone of, 49 

types of, 45 

Smooth muscle fibers, excitation of action potentials in, 51 
junction of, with nerve fibrils, 50 
structure of, 45 

Sodium, distribution of ions of, across neuronal somal 
membrane, 63 
Sodium channels, 11 

Sodium conductance, changes in, during action potential, 
72 

Sodium distribution, Nernst potential for, 9 
Sodium permeability, action potential and, 11 
mechanisms for changes in, 12 
Sodium pump, role of, in origin of cell membrane potential, 
8 

Soma, neuronal, 59 

resting membrane potential of, 62 
Somatic association areas, deciphering of sensory informa¬ 
tion by, 102 

effect of removal of, 102 
interpretation of sensory experience and, 192 
Somatic sensations, physiological types of, 95 
Somatic sensorimotor area I (Sm I), 158 
Somatic sensorimotor area II (Sm II), 158 
Somatic sensory area I, 99-101 
representation of different areas of body in, 100 
Somatic sensory area II, 99 
scarcity of information on, 101 
Somatic sensory axis, 55 
Somatic sensory cortex, 156 

Somatic sensory signals, localization of, in cerebellum, 165 
Somesthetic cortex 

as subdivision of sensorimotor cortex, 156 
columns of neurons in, excitation of, 101 
motor cortex and, 156 
regions of, 100 
Sound(s) 

attenuation of, by contraction of ear muscles, 273 
direction of, neural mechanisms for detection of, 282 
hearing threshold of, 279 
high- and low-frequency, transmission of, 275 
patterns of, auditory cortex discrimination of, 281 
transmission of, through bone, 273 
Sound frequencies, patterns of vibration in basilar mem¬ 
brane, 275 

range of hearing of, 279 
Sour taste, 285 
Spasm, muscular, 44 


Spasticity, motor cortex and, 161 

Spatial orientation, of fibers in ventral spinothalamic tract, 
105 

Spatial patterns, transmission of, through neuronal pools, 
78 

Spatial summation, 36, 67, 72 
of thermal sensations, 122 
Specific thalamocortical system, 177 
vs. diffuse thalamocortical system, 178 
Speech, Broca’s area and, 160 
Spherical aberration, 236 
Sphingomyelin, 18 

Spike and dome pattern, as found in petit mal epilepsy, 183 
Spike potential, 16 
in smooth muscle, 47 
spontaneous generation of, 47 
Spinal animal, diagonal stepping movements in, 137 
use of, in study of spinal cord reflexes, 124 
Spinal cord 

as a major level of central nervous sytem, 56 

ascending tracts of, 119 

autonomic reflexes in, 138 

cross-section of, 119 

descending tracts of, 119 

effects of transection of, 138 

function of, man vs. animal, 154 

motor functions of, 124-138 

organization of, for motor function, 124 

reflex functions of, 57 

Spinal cord centers, patterns of movement elicited by, 162 
Spinal cord reflexes, as cause of muscle spasm, 137 
cerebellar control of, 170 

experimental preparations used in study of, 124 
Spinal shock, spinal functions affected during, 138 
Spinocerebellar tract, 164 
Spinoreticular tract, characteristics of, 105 
transmission of pain in. 111 
Spinothalamic pathway, division into three tracts, 104 
stmcture of, 105 

Spinothalamic signals, projection of, from thalamus to cor¬ 
tex, 105 

Spinothalamic system, transmission in, 104-106 
vs. dorsal column system, 98 
Spinothalamic tract 

characteristics of transmission in, 106 
separation of modalities in, 105 
spatial orientation of fibers in, 105 
transmission of pain in. 111 
Spiral ganglion, of organ of Corti, 276, 279 
Squint, 268 

Staircase effect, muscle contraction and, 38 
Stapedius muscle, attenuation of sound by contraction of, 
273 

Stapes, 272 

effect of forward thrust of, on movement of fluid toward 
cochlea, 274 
Static stretch reflex, 129 
Stellate cells, 167 
Stepping reflex, 136 
Stereopsis, depth perception and, 240 
neural mechanism for, 268 
Stereotyped body movements, control of, 148 
Stilling test, detection of color blindness with, 254 
Stimulation, of nerve fiber, spatial pattern of, 75 
Stimulatory field, nerve fiber endings and, 75 
Stimulus 

excitatory, 75 

subthreshold, 75, 76 

transmission of, to cerebral cortex, 102 
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Stimulus (Continued) 

transmission of, to somesthetic cortex and, 103 
Stimulus rate, effect of sympathetic and parasympathetic 
nervous system and, 222 
Stimulus strength, actual vs. perceived, 92, 93 
psychic interpretation of, 91 
receptor potential and, 89 
Strabismus, basic types of, 268 

Strength-duration curve, depiction of pain threshold by, 109 
Stress reaction, 224 

Stress-relaxation, of smooth muscle, 50 
Stretch reflex, 57, 126. See also Muscle spindle reflex. 
clinical applications of, 131 
negative, 129 
neuronal circuit of, 128 
types of, 128 

Striate area, 263. See also Brodmann area 17. 

Striate body, 157 

functions and subdivisions of, 150 
Stroke, effect of, on motor cortex, 161 
Subliminal zone, 76 
Substantia nigra, 149 

destruction of, Parkinson’s disease and, 151 
Subthalamic animal, 154 

Subthalamic nuclei, role of, in control of posture and 
locomotion, 149 
Subthalamus, 149 
Subthreshold stimuli, 75 
Subthreshold zone, 76 
Sucrose, sweet taste and, 285 
Summation 

multiple motor unit, 36 

of dendritic excitation, 68 

of dendritic inhibition, 68 

of muscle contraction, 36 

of postsynaptic potentials, 66 

role of, in maintenance of smooth muscle tone, 49 

spatial, 67 

temporal, 36, 67, 75 

Superior colliculi, role of, in fixation, 266 
Superior olivary nucleus, 279 
Supplementary motor area I (Ms II), 158 
Supraoptic nuclei, renal excretion control by, 206 
Surgery, interruption of pain pathways by, 113 
Sustentacular cells, 290 
Sweat glands, 220 
Sweet taste, 285 

Sympathectomy, effect of, on levels of norepinephrine, 223 
Sympathetic drugs, effect of, on autonomic nervous sys¬ 
tem, 225 

Sympathetic ganglia, 214 

Sympathetic motoneurons, sympathetic nervous system 
and, 214 

Sympathetic nerve endings, of adrenal medullae, 215 
Sympathetic nerves, destruction of, effect on innervated 
organ and, 222 

segmental distribution of, 214 
Sympathetic nervous system 

characteristics of function of, 216 

effect of, on various organs of body, 219(0, 220 

mass discharge of, 224 

physiologic anatomy of, 214 

stimulus rate vs. degree of effect of, 222 

stiaicture of, 215 

Sympathetic stimulation, excitatory and inhibitory action 
of, 219 

Sympathetic tone, 222 
Synapse, definition of, 59 
physiologic anatomy of, 60 


Synaptic cleft, 43, 60 
Synaptic delay, 70 

Synaptic fatigue, role of, in determining duration of rever¬ 
beration, 81 
Synaptic gutter, 43 
Synaptic knobs, 60 

excitatory and inhibitory functions of, 60 
stimulation of neurons by, 68 
Synaptic transmission, special characteristics of, 70 
Synaptic vesicle, release of, from synaptic knob, 60 
Syphilis, pupillary reflexes in, 270 


Tactile capabilities, discrimination of two points and, 103 
Tactile hairs, 86 

Tactile receptors, characteristics of, 95 
detection of vibration by, 96 
Tactile sensations, detection and transmission of, 95-97 
transmission of, in peripheral nerve fibers, 96 
Taste, adaptation of, 288 

primary sensations of, 285, 289 
relative indices of, 286(/‘) 
sense of, 285-289 
threshold for, 286 
Taste blindness, 286 
Taste bud 

function of, 286 

mechanism of stimulation of, 288 
specificity of, for primary taste stimuli, 287 
structure of, 286 

types of, specific responsiveness of, 287 
Taste impulses, transmission of, into central nervous sys¬ 
tem, 288 

Taste nerve fiber, 287 
Taste pore, 286 

Taste sense, special attributes of, 289 
Tectorial membrane, organ of Corti and, 276, 277 
Telencephalization, 58 
Temperature, changing, adaptation to, 122 
of body, hypothalamic control of, 206 
of skin, level at which pain is felt, 110 
Temporal field of vision, 263 
Temporal lobe, effect of destruction of, 193 
Temporal pattern, of signal, 74 
Temporal summation. 36, 67, 75 

Tendon reflex, role of, in control of muscle tension, 133 
Tension, active, of muscle fiber, 31 
resting, of muscle fiber, 31 
Tensor tympani muscle, 273 
Terminal knobs, 60. See also Synaptic knobs. 

Tertiary association area, 192 
Tertiary memory, 196 
Tetanization, 74 
principles of, 37 

Tetany, level of calcium and, 21 
Tetracaine, effect of, on membrane excitability, 21 
Tetraethylammonium ion, use of, in study of action poten¬ 
tial, 14 

Tetrodotoxin, use of. in study of action potential. 14 
Thalamic association area, 182 
Thalamic syndrome, 118 

transmission of pain signals into, 112 
ventrolateral nucleus of, Parkinson’s disease and, 152 
Thalamus, 99. 149 

cerebral cortex and, 58, 177 
function of, in direction of attention, 179 
lesions of, amnesia and, 199 
neuronal pathways through, 149 
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Thalamus (Continued) 
olfactory system and, 292 
role of, in activation of brain, 174 
in appreciation of pain, 112 
role of, in somatic sensations, 106 
Thermal receptors, excitation of, 121 
frequencies of discharge of, 121 
Thermal sensations, spatial summation of, 122 
Thermal senses, response of, to changes in temperature, 
112 

Thermal signals, transmission of, in nervous system, 122 
Thermoreceptors, 86 

Theta wave, of electroencephalogram, 180 

Thirst center, hypothalamic control of, 206 

Thought, definition of, in terms of neural activity, 195 

Thought processes, cerebral cortex and, 58 

Threshold of hearing, 279 

Threshold of smell, 291 

Threshold for excitation, 17, 64 

Tic douloureux, pain associated with, 118 

Tickling, pain and. 111 

Tissue damage, perception of pain and, 110 

Tissue deformation, detection of, by receptors, 86 

Tissue ischemia, as cause of pain, 110 

Tonal patterns, discrimination of, 281 

Tone, intrinsic, 222 

sympathetic and parasympathetic, 222 
Tonic receptors, function of, 91 
Tonic smooth muscle, record of contraction of, 49 
Tonus, of smooth muscle, 49 
Torsional strabismus, 268 
Touch, vs. pressure and vibration, 95 
Tract of Lissauer, 105 

role of, in transmission of pain. 111 
Tractus solitarius, 288 

Tranquilizers, effect of, on reward and punishment centers, 
209 

Transection, levels of, in brain, 153 
of spinal cord, effects of, 138 
Transmission 

faithfulness of, in dorsal column pathway, 102 
in spinothalamic system, 104 

of impulses, from nerve to skeletal muscle fibers, 42-45 
of sensory information, via dorsal column system, 98 
Transmitter(s), inhibitory, 62 
Transmitter substances 

action of, on postsynaptic neuron, 61 
at neuromuscular junction, 50 
chemical nature of, 61 

release of, by autonomic nerve endings, 217 
secretion of, by autonomic nervous system, 218 
synthesis of, 61 
Transverse tubules, 26 

Traveling waves, diagrammatic representation of, 275 
Treppe, muscle contraction and, 38 
Triad, transverse tubule system and, 26 
Tropomyosin, 28 
Troponin, 28 

Troponin-tropomyosin complex, 29 
Trunk movements, control of, 148 
T tubule(s), characteristics of, 26 

T-tubule system, spread of action potential through, 32 
Tubules, longitudinal, 26 

Tuning fork, differentiation between nerve and conduction 
deafness with, 283 
Tympanic membrane, 272-274 
transmission of sound from, 272 
Type A nerve fibers, 93 


Type B nerve fibers, 93 
Type C nerve fibers, 93 


Unitary smooth muscle, 46 
Uterine pain, characteristics of, 118 
Utilization time, 20 
Utricle, 142 

role of, in detection of linear acceleration, 144 


Varicosities, of terminal filaments, 217 
Vegetative functions, hypothalamic control of, 205 
limbic system and, 204 
Velocity of contraction, load and, 32 
Ventral corticospinal tracts, 157 
Ventral spinothalamic tract, characteristics of, 105 
Veratrine, effect of, on nerve fiber membrane, 21 
Vertical strabismus, 268 
Vesicle, olfactory, 290 

Vestibular apparatus, neuronal connections of, 143 
role of, in control of eye movements, 267 
Vestibular function, clinical tests for integrity of, 147 
Vestibular membrane, 274 
Vestibular nerves, 143 
Vibration 

amplitude pattern of, in basilar membrane, 276 
damping of, 273 

detection of, by tactile receptors, 96 
vs. pressure and touch, 95 
Visceral organs, insensitivity to pain in, 115 
surface areas of referred pain from, 116 
Visceral pain, localization of, 116 
vs. surface pain, 114 

Visceral pathway, role of, in transmission of pain, 116 
Visceral sensations, 95 

Visceral smooth muscle, characteristics of, 45 
excitation of, by stretch, 48 
spread of action potentials through, 48 
Viscus, spasm of, as cause of visceral pain, 115 
Vision 

color, photochemistry of, 249 
Young-Helmholtz theory of, 252 
fusion of, 260 

neurophysiology of, 256-270 
normal aberrations of, 236 
optics of, 230-241 
photochemistry of, 246-252 
scotopic vs. photopic, 251 
value of light and dark adaptation in, 251 
Visual acuity, clinical method for stating, 240 
Visual association area, 191 
effects of destmction of, 263 
interpretation of sensory experience and, 192 
Visual association fields, effects of electrical stimulation on, 
263 

Visual chain, neural adaptation and, 251 
Visual cortex, 260 

detection of orientation of lines by, 262 
function of, 261 
optic nerves and, 256 
pattern of excitation of, 262 
perception of luminosity by, 262 
primary, effect of removal of, 263 

responses to thalamocortical systems by, comparison of, 
178 
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Visual cortex (Continued) 
structure of, 261 

visual pathway from eyes to, 256 
Visual cycle, rhodopsin-retinene and, 246 
Visual images, fusion of, 267 
Visual information, loci for processing of, 263 
role of, in maintenance of equilibrium, 148 
Visual pathway, elements of, 256 
Visual pattern, areas of excitation of, 261 
Visual purple, 246. See also Rhodopsin. 

Vitamin A, effect of, on sensitivity to light, 246 
retinene and, 248 

Voluntary motor activity, initiation of, 173 
Voluntary motor area, of cerebral cortex, 191 


Wakefulness 

conditions required for, 184 
feedback theory of, 185 
function of hypothalamus in, 209 
reticular activating system in, 175 
vs. sleep, 58 


Wave fronts, passage of, through media of different refrac¬ 
tive indices, 230 

Wave potential, slow, in smooth muscle, 47 
Wave summation, 36 
principles of, 37 
Weber-Fechner principle, 92 
Wernicke’s aphasia, 202 
White light, perception of, 252 
White muscle, 36 
White ramus, 214 
Withdrawal reflex, 57, 126, 133 
Word blindness, 192 


Young-Helmholtz theory of color vision, 252 


Z line, 25 
Z membrane, 25 
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ORGAN PHYSIOLOGY 


A new series of monographs excerpted from major medical 
works, specially prepared to give students authoritative 
information on the basic function of each major body organ 
or system. 


Hamburger, Richet & Grunfold: 

STRUCTURE AND FUNCTION OF THE KIDNEY 

Fraser & Pare: 

STRUCTURE AND FUNCTION OF THE LUNG 

Rushmer: 

STRUCTURE AND FUNCTION OF THE 
CARDIOVASCULAR SYSTEM 

Guyton: 

STRUCTURE AND FUNCTION OF THE 
CENTRAL NERVOUS SYSTEM 


